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1.  Introduction 

Prostate  cancer  (PCa)  is  the  most  diagnosed  non-skin  malignancy,  and  the  second 
leading  cause  of  death,  among  men  in  the  United  States.  On  January  1, 2007  there 
were  approximately  2,276,1 12  men  alive  in  the  United  States  who  had  a  history  of 
prostate  cancer,  and  1  in  6  men  born  today  will  be  diagnosed  with  prostate  cancer 
during  their  lifetime.  In  order  to  achieve  more  effective  therapy,  focus  has  recently 
shifted  to  the  early  detection  of  PCa.  While  prostate-specific  antigen  (PSA)  monitoring 
has  enabled  earlier  detection  of  prostate  cancer,  the  high  variability  in  PSA  levels  has 
limited  its  diagnostic  value.  Additionally,  dynamic  changes  in  molecular,  cellular  and 
tissue  level  processes  occur  during  disease  progression  and  remission,  and  their 
quantitative  assessment  is  important  for  treatment  planning  and  monitoring  of  treatment 
efficacy.  Measurement  techniques  currently  in  use  (e.g.  biopsy)  are  invasive,  and 
provide  limited  spatial  and  temporal  sampling.  Improved  molecular  imaging  techniques, 
that  are  both  quantitative  and  sensitive,  and  that  can  detect  processes  deep  within  the 
human  body  are  required  to  monitor  these  changes  which  may  be  predictors  of 
treatment  outcomes.  Hence,  the  need  for  a  non-invasive,  highly  sensitive  and  accurate 
diagnostic  tool  for  measuring  the  aggressiveness  of  prostate  cancer  is  both  acute  and 
imperative.  Taking  all  these  facts  into  account,  the  U.S.  Preventive  Services  Task  Force 
(USPSTF)  has  recommended  that,  “research  is  urgently  needed  to  identify  new 
screening  methods  that  can  distinguish  nonprogressive  or  slowly  progressive  disease 
from  disease  that  is  likely  to  affect  the  quality  or  length  of  life.”  Improved  molecular 
imaging  techniques,  that  are  both  quantitative  and  sensitive,  and  that  can  detect 
processes  deep  within  the  human  body  are  required  to  monitor  these  changes  which 
may  be  predictors  of  treatment  outcomes.  The  primary  objective  of  this  application  is  to 
confirm  the  feasibility  of  a  microenvironment-responsive  multimodal  contrast  agent 
(MMCA)  for  non-invasive,  3D  measurement  of  prostate  cancer  aggressiveness. 


2.  Keywords 

prostate  cancer;  cancer  staging;  imaging;  MRI;  nanomedicine;  proteolytic  activity;  non- 
invasive  detection 


3.  Accomplishments 

The  goal  of  the  funded  project  is  to  develop  multimodal  and  bioprocess-sensitive 
“smart”  magnetic  nanoparticles  (MNP)  capable  of  detecting  dynamic  changes  in 
molecular  and  tissue  level  processes  that  occur  during  prostate  cancer  progression. 
Specifically,  we  are  developing  MNPs  that  respond  to  and  are  able  to  monitor  and 
quantify  overexpressed  proteolytic  activity  in  the  tumor  microenvironment.  Proteolytic 
processes  have  been  shown  to  be  important  for  cancer  growth,  progression, 
extracellular  matrix  remodeling  and  metastasis.  The  ability  to  non-invasively  monitor 
this  activity  would  not  only  enable  better  treatment  planning,  but  also  provide  a  means 
to  monitor  therapeutic  effect.  The  specific  aims  of  this  project  are:  Aim  1  -  Synthesize 
the  microenvironment  responsive  multi-modal  imaging  agent  (MMIA)  and  characterize 
its  physical  properties  (e.g.  magnetic  susceptibility,  particle  size  distribution,  zeta 
potential,  etc);  Aim  2  -In  vitro  characterization  of  the  target  selectivity,  protease 
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specificity,  and  detection  sensitivity  of  the  MMIA  using  low-  and  high  proteolytic  activity 
cell  lines;  and  Aim  3  -  Conduct  a  pilot  in  vivo  animal  study  to  demonstrate  the  utility  of 
this  system  for  monitoring  tumor  progression. 

According  to  our  statement  of  work,  the  objectives  for  the  period  of  work  to  date  are: 

Task  1  -  Synthesis  and  characterization  of  the  microenvironment-responsive  MMIA. 
The  subtasks  to  be  done  included: 

a.  Synthesis  of  the  MMIA  components 

b.  Optimization  of  MMIA  stability 

c.  Assembly  of  the  MM  I  A/fluorescent  probe/targeting  agent  complex 

d.  Characterize  the  physical  properties  of  the  MMIA 

Task  2-  In  vitro  characterization  of  target  selectivity,  protease  specificity,  and  detection 
sensitivity.  The  subtasks  to  be  done  included: 

a.  Optimization  of  cancer  cell  targeting  selectivity 

b.  Optimization  of  protease  response 

c.  Measure  selectivity  and  proteolytic  response  of  MMIA 

Task  3  -  Pilot  in  vivo  animal  study.  The  subtasks  to  be  done  included: 

a.  Pharmacokinetics  and  Biodistribution 

b.  Evaluation  of  proteolytic  acitivity 

The  accomplishments  for  each  of  these  subtasks  are  briefly  summarized  below.  Those 
completed  within  the  current  reporting  period  are  indicated  with  brackets  as  “{current 
period}”  along  with  a  line  down  the  left  margin. 


Task  1  -  Synthesis  and  characterization  of  the  MMIA 

The  MMIA  to  be  developed  in  this  project  is  comprised  of  superparamagnetic 
nanoparticles  (SPIONs),  which  serve  as  a  contrast  agent  for  Magnetic  Resonance 
Imaging  (MRI),  coated  with  a  biopolymer  (i.e.  starch)  to  improve  biocompatibility,  and 
tagged  with  prostate  cancer-targeting  ligands.  A  significant  challenge  to  translation  of 
nanomedicine  from  lab  bench  to  the  clinical  setting  arises  due  to  variations  in  particle 
behavior  in  vivo  as  a  function  of  nanoparticle  size  distribution  and  surface  properties. 
The  vast  majority  of  research  in  nanomedicine  is  conducted  using  particles  having  a 
broad  size  distribution;  leading  to  uncertainty  in  the  pharmacokinetics,  biodistribution, 
and  safety  risks  of  the  formulations.  In  order  to  reduce  this  barrier,  we  have  developed 
synthesis  and  purification  procedures  that  would  produce  SPIONs  of  a  relatively  narrow 
size  distribution. 

Our  approach  was  to  utilize  the  size-dependent  magnetic  properties  of  the 
SPIONs  and  the  drag  force  exerted  on  a  particle,  which  is  also  size  dependent,  to 
separate  a  MNP  population  with  a  wide  size  distribution  into  sub-populations  with  a 
more  narrow  distribution.  The  feasibility  of  this  approach  was  first  evaluated  using  a 
simulation  developed  in  Matlab  (MathWorks,  Natick,  MA).  Using  this  simulation,  we 
were  able  to  determine  the  conditions  required  to  “purify”  particles  of  a  particular  size. 
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Figure  1  provides  the  predicted  traces  of  MNP  ranging  in  size  from  40  nm  to  400  nm, 
under  the  influence  of  a  magnetic  field.  Using  these  results,  a  prototype  separate 
process  was  established  to  take  a  sample  of  MNP  having  a  broad  size  distribution  and 
to  produce  SPIONs  with  tighter  size  control,  as  shown  in  Figure  2. 


Figure  1.  Predicted  particle  trajectories  for  magnetic  nanoparticles  in  the  size  range  of  44  nm  (top, 
orange  trace)  to  400  nm  (bottom,  green  markers)  under  the  influence  of  drag  and  magnetic  forces. 
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Figure  2.  Average  MNP  size  distributions  of  six  fractions  obtained  using  a  prototype  device  to  size- 
selectively  separate  SPIONs  from  a  sample  having  a  broad  size  distribution. 
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3b.  Optimization  of  MMIA  stability 

For  the  probe  to  be  effective,  it  has  to  be  long  circulating;  accumulate  selectively 
at  the  tumor  site;  and  respond  sensitively  to  a  specific  protease  activity.  To  enhance  the 
pharmacokinetic  (PK)  properties  of  the  probe,  we  modified  the  surface  of  the  MNP  with 
polyethylene  glycol,  a  polymer  frequently  utilized  to  improve  stability  of  nanoparticles. 
We  assessed  size  stability  of  the  PEGylated  MNP  (PEG-MNP)  in  complete  culture 
media,  which  contains  proteins  and  other  components  found  in  blood  plasma,  using 
dynamic  light  scattering  and  performed  in  vitro  experiments  to  mimic  the  first  two  steps 
(protein  adsorption  and  macrophage  uptake)  of  the  reticuloendothelial  system  (RES) 
clearance  process. 

The  starch  coating  of  50  nm  and  100  nm  SPIONs  was  crosslinked  and  coated 
with  amine  groups,  and  then  functionalized  with  NHS-polyethylene  glycol  (PEG)  of 
varying  molecular  weight  (i.e.,  2k,  5k  or  20k  Da)  as  shown  in  Scheme  1 . 


Starch-coated  SPIONs  Amina  ted  SPIONs  PEGylated  SPIONs 


2K-PEG  5k-PEG  2(tk-PEC 


Scheme  1.  Surface  modification  of  starch-coated  SPIONs  into  aminated  and  PEGylated  SPIONs. 

PEG  coatings  are  often  utilized  on  nanoparticles  for  their  good  biocompatibility 
and  favorable  chemical  properties  that  enable  further  modifications.  Since  the  coating 
itself  may  completely  change  the  toxicity  profile  of  SPIONs,  SPIONs  with  a  variety  of 
surface  coatings  were  tested,  including  starch-coated  SPIONs,  aminated  SPIONs  and 
finally  PEGylated  SPIONs.  Analysis  of  SPIONs  by  transmission  electron  microscopy 
(TEM)  and  Fourier  transform  infrared  spectroscopy  (FTIR),  and  measurement  of  their 
magnetic  properties  provided  results  similar  to  that  already  in  the  literature,  confirming 
successful  modification,  and  are  not  repeated  here.  Some  physicochemical 
characteristics  of  the  10  different  SPIONs  tested,  however,  are  summarized  in  Table  1. 


Table  1.  Mean  hydrodynamic  diameter  (HD)  and  zeta-potential  (ZP)  of  SPIONs  in  deionized  water  and  in 
Ham’s  F-12K  culture  media  supplemented  with  10%  FBS. 


Sample 

In  deionized  water,  at  37°C 

In  supplemented  Ham’s  F-12K  cultre  media,  at  37  °C 

HD 

(nm) 

Pdl 

ZP 

(mV) 

lhr 

24hrs 

72hrs 

HD 

(nm) 

Pdl 

HD 

(nm) 

Pdl 

HD  (nm) 

Pdl 

50  nm  SPIONs 

Starch-coated 

47+1 

0.12 

-23  ±3 

36+1 

0.25 

68  +  2 

0.28 

148  +  4 

0.30 

Aminated 

90  ±2 

0.18 

+13  ±1 

57  +  1 

0.32 

55  +  5 

0.38 

50  +  3 

0.38 

2k-PEG 

72  ±3 

0.20 

+36  +  1 

41  ±  1 

0.30 

40+1 

0.30 

40+1 

0.31 

5k-PEG 

71  ±  1 

0.20 

+34+1 

37  +  2 

0.42 

36  +  2 

0.41 

36  +  2 

0.44 

20k-PEG 

72  ±4 

0.20 

+33  +  2 

35  +  1 

0.48 

36+1 

0.47 

33  +  2 

0.47 

100  nm  SPIONs 

Starch-coated 

92  ±  1 

0.09 

-4+1 

117  +  1 

0.29 

461+4 

0.70 

1133  +  30 

0.19 

Aminated 

127  ±5 

0.17 

+43  ±  1 

119  +  4 

0.30 

110  +  3 

0.22 

108+  3 

0.22 

2k-PEG 

117  +  2 

0.14 

+36+1 

93  +  1 

0.24 

95  +  3 

0.23 

95+2 

0.24 

5k-PEG 

126  ±4 

0.14 

+37  +  1 

103  +  2 

0.25 

102  +  2 

0.24 

114+  2 

0.29 

20k-PEG 

154  ±5 

0.12 

+32+1 

122  +  3 

0.26 

117  +  3 

0.26 

146+  2 

0.36 
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The  hydrodynamic  diameters  of  both  starch  SPIONs  were  in  close  agreement 
with  specifications  provided  by  the  manufacturer.  After  crosslinking  of  the  starch  coating 
and  its  amination,  the  mean  hydrodynamic  diameter  of  both  50  and  100  nm  SPIONs 
increased  significantly,  possibly  due  to  aggregation  and/or  due  to  loss  of  smaller 
particles  during  the  processing.  PEGylation  further  increased  the  hydrodynamic 
diameter  as  expected,  but  the  effect  of  PEG  molecular  weight  (2k,  5k,  or  20k)  varied 
between  the  50nm  and  lOOnm  SPIONs.  The  effect  on  50  nm  particles  was  especially 
non-uniform  as  the  aminated  particles  yielded  the  largest  size,  possibly  due  to 
aggregation.  The  hydrodynamic  diameters  of  SPIONs  were  also  evaluated  when 
suspended  in  supplemented  Ham’s  F-12K  culture  media  at  37°C,  the  conditions 
employed  for  in  vitro  studies,  with  incubation  times  of  1, 24  and  72  hours.  The 
hydrodynamic  diameters  of  starch-coated  50nm  and  lOOnm  SPIONs  were  observed  to 
increase  with  time,  whereas  the  size  of  aminated,  2k-PEG  and  5k-PEG  SPIONs,  and 
50nm  20k-PEG  SPIONs  remained  relatively  constant  over  time.  A  moderate  increase  of 
the  hydrodynamic  diameter  was  noticed  for  100  nm  20k-PEG  SPIONs. 

The  surface  charge  of  SPIONs  gives  an  indication  of  their  colloidal  stability  and 
may  also  further  affect  their  cellular  uptake.  In  one  study,  it  was  demonstrated  that 
anionic  nanoparticles,  showing  a  high  affinity  for  cell  membranes,  were  captured  more 
efficiently  by  cells  than  bare  (dextran-coated)  iron-oxide  nanoparticles.  In  deionized  (Dl) 
water,  starch-coated  SPIONs  displayed  a  negative  to  near  neutral  zeta  potential  while 
the  aminated  and  PEGylated  particles  showed  a  high  positive  surface  charge. 
Surprisingly,  a  higher  zeta  potential  was  observed  for  the  PEGylated  50nm  SPIONs 
compared  to  the  aminated  50nm  SPIONs.  The  PEG  layer  would  be  expected  to  mask 
some  of  the  surface  charge  and  it  is  unclear  why  this  was  not  observed,  although 
measurements  were  repeated.  Aggregation  seen  with  the  aminated  SPIONs  may  have 
had  some  contribution  to  this  result. 

It  was  confirmed  that  the  SPIONs  had  a  PEG  content  of  up  to  245  ±  7  nmol 
PEG/mg  Fe.  Next,  in  vitro  size  stability  studies  were  conducted  to  validate  the  improved 
stability  of  our  PEGylated  SPIONs.  The  particles  were  incubated  in  cell  culture  media 
containing  fetal  bovine  serum  (FBS),  to  mimic  their  exposure  to  opsonizing  proteins  in 
the  blood,  and  the  particle  size  measured  by  dynamic  light  scattering  (DLS)  for  a  period 
of  24  hours.  The  results  shown  in  Figure  3  clearly  demonstrate  the  improved  stability  of 
PEGylated  particles  while  the  unmodified  control,  starch  particles  are  observed  to 
rapidly  increase  in  size. 
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Time  (hours) 

Figure  3.  Size  stability  in  complete  RAW  264.7  cell  culture  medium  (DMEM  +  10%  FBS 
+  1%  antibiotics)  at  37  °C  was  assessed  over  a  period  of  22  hours  using  dynamic  light 
scattering.  As  shown,  PEGylated  SPIONs  displayed  much  better  size  stability  over 
starch  SPIONs. 

Colloidal  stability  is  a  very  important  feature  that  is  necessary  for  successful 
tumor  targeting.  Particles  that  aggregate  quickly  get  cleared  from  circulation  quickly. 
PEGylated  SPIONs  also  demonstrated  significantly  lower  protein  binding  and  markedly 
reduced  macrophage  uptake  (Figure  4a)  than  the  unmodified  starch  SPIONs.  Among 
“normal”  cells,  macrophages  have  one  of  the  highest  rates  of  particle  uptake;  uptake  of 
PEGylated  SPIONs  by  healthy  cells  is  therefore  expected  to  be  negligible. 
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Figure  4.  a)  Protein  binding  in  60%  FBS  was  studies  to  simulate  the  first  step  of  SPION 
clearance  from  plasma.  PEGylation  caused  a  significant  drop  in  protein  adsorption;  b)  RAW 
264.7  macrophage  uptake  of  starch-coated  and  PEGylated  SPIONs  was  measured  over  24  hours 
to  assess  the  impact  of  PEGylation  on  pharmacokinetic  properties. 


Our  results  indicated  that  PEG-MNPs  showed  significantly  better  size  stability 
(i.e.  resisted  aggregation)  and  lower  protein  binding  than  the  unmodified  MNP.  The 
MNPs  were  also  incubated  for  varying  time  periods  with  macrophages.  As  shown  in 
Figure  4b,  the  unmodified  MNP  were  rapidly  taken  up  by  the  RAW  264.7  macrophage 
cells,  while  only  limited  update  of  PEG-MNP  was  observed  even  after  24  hours.  Among 
“normal”  cells  found  in  the  body,  macrophages  have  one  of  the  highest  rates  of  particle 
uptake.  The  synthesized  particles  are  therefore  expected  to  be  very  stable  in 
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physiological  media  and  uptake  of  PEG-MNPs  by  healthy  cells  is  expected  to  be 
negligible. 

3c.  Assembly  of  the  MMIA/fluorescent  probe/targeting  agent  complex 

While  the  previously  stated  results  showed  that  stable  MNPs  have  been  developed  and 
their  uptake  by  “normal”  cells  minimized,  it  is  also  necessary  that  these  particles  target  and 
accumulate  in  cancer  cells.  To  induce  uptake  of  MNPs  by  prostate  cancer  cells,  we 
functionalized  the  surface  with  a  tumor-targeting  peptide  (F3  peptide),  which  selectively  binds  to 
nucleolin  present  on  the  surface  of  tumor  cells  and  endothelial  cells  of  angiogenic  tumor  blood 
vessels.  While  nucleolin  is  present  in  all  cells,  it  is  only  found  on  the  extracellular  surface  of 
cancer  cells  -  providing  a  means  to  target  these  cells.  In  order  to  determine  whether  the  density 
of  the  targeting  peptide  affects  the  targeting  efficiency,  MNPs  with  a  high  density  of  F3-peptide, 
an  intermediate  density,  and  no  targeting  peptide  were  incubated  with  PC3  prostate  cancer  cells 
and  the  particle  uptake  measured  after  1  and  4  hours.  As  shown  in  Figure  5,  the  F3-labelled 
MNPs  should  significantly  greater  targeting  of  the  PC3  cells  compared  to  the  non-targeted, 
PEG-MNP.  It  should  be  noted  that  the  F3-MNP  did  not  show  significant  uptake  by  “normal”  cells 
(data  not  shown),  demonstrating  our  ability  to  maximize  the  target  selectivity  of  the  MNP  to 
cancer  cells. 
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Figure  5.  The  conjugation  of  F3  tumor  targeting  peptide  enhances  MNP  uptake  by  PC3  prostate  cancer 
cells  compared  to  the  non-targeted  PEG-MNP. 


Task  2  -In  vitro  characterization  of  selectivity,  protease  specificity,  and  detection 
sensitivity 


In  order  to  insure  that  administered  doses  of  MNP  do  not  elicit  toxic  effects,  the 
cytotoxicity  of  the  MNPs  were  measured  against  the  Chinese  hamster  ovary  (CHO-K1) 
cell  line.  CHO  cells  were  selected  for  this  particular  assay  because  of  their  extensive 
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use  in  evaluating  cytotoxicity  of  active  agents  for  approval  by  the  U.S.  Food  &  Drug 
Administration  (FDA).  As  shown  in  Figure  6,  the  results  indicate  that  toxicity  of  the  MNP 
is  dependent  on  particle  size,  surface  chemistry,  concentration,  and  duration  of 
exposure.  No  significant  toxicity  was  observed  after  a  relatively  short  exposure  of  just 
24  hrs  with  any  of  the  MNPs.  While  significant  toxicity  was  observed  when  MNP  were 
incubated  with  cells  for  72  hours,  this  was  strongly  concentration  dependent.  In  order  to 
minimize  background  signal,  it  is  desirable  that  the  MNP  clear  from  blood  circulation 
relatively  quickly  but  remain  sufficiently  long  for  tumor  accumulation.  Future  in  vivo 
studies  will  determine  the  plasma  pharmacokinetics  of  the  MNP  but,  according  to  past 
experience,  the  circulation  half-life  is  expected  to  be  less  than  12  hours.  Additionally, 
particle  concentration  is  expected  to  be  less  than  100  pg  Fe/mL,  a  concentration  below 
which  the  MNP  modified  with  2kDa  PEG  showed  negligible  toxicity. 
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Figure  6.  Cytotoxicity  of  superparamagnetic  iron-oxide  nanoparticles  (SPIONs)  in  Chinese  Hamster 
Ovary  (CHO-K1)  cells  evaluated  with  the  (a)  tetrazolium  dye  3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium  bromide  (MTT)  after  a)  72  hour  and  b)  24  hour  incubation  with  MNPs  having  a 
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“starch”  coating,  a  positively-charged  “aminated”  coat,  or  PEG  (MW  2k,  5k,  or  20k  Daltons)  coating.  The 
50%  viability  line  and  a  doxorubicin  positive  control  are  shown  for  comparison. 


For  prostate  cancer  targeting,  in  the  event  that  the  F3  peptide  proves  to  be  non- 
specifically  taken  up  by  non-target  cells  during  in  vivo  studies,  additional  peptides  were 
identified  for  possible  targeting  of  the  MMIA.  Several  targeting  ligands  that  demonstrate 
high  affinity  for  PC3M  and  LNCaP  prostate  cancer  cells,  while  showing  minimum 
binding  to  RWPE-1  normal  prostate  cells.  In  this  study,  phage  particles  having  a  specific 
peptide  sequence  on  the  surface,  as  listed  below,  were  incubated  for  one  hour  with:  1) 
highly  metastatic  PC3-M  prostate  cancer  cells;  2)  slow  growing  LNCaP  prostate  cancer 
cells;  3)  normal  prostate  cells  (RWPE-1);  and  4)  serum  control.  The  cells  were  then 
rinsed  with  PBS  and  the  amount  of  bound  phage  determined  as  a  ratio  of  the  initial 
loading,  as  shown  in  Figure  7.  These  results  provide  us  with  candidate  targeting  ligands 
that  would  enable  the  targeting  of  both  metastatic  PC3-M  and  slow-growing  LNCaP 
prostate  cancer  cells.  This  would  enable  the  use  of  a  single  targeted  MMIA  for  detection 
of  proteolytic  in  aggressive  PC3-M  tumors  as  well  as  non-aggressive  controls.  The 
ligands  labeled  P1-P6  were  found  to  have  especially  high  affinity  for  the  PC-3M  cells, 
while  also  showing  varying  specificity  for  the  LNCaP  and  RWPE-1  cells. 


Figure  7.  Relative  binding  affinity  of  prospective  targeting  ligands  with  PC3-M  and  LNCaP  prostate 
cancer  cells,  compared  to  normal  prostate  cells  and  serum  controls.  Several  ligands  with  high  selectivity 
for  prostate  cancer  have  been  identified. 


12 


Binding  of  targeting  ligands,  labeled  P1-P6  in  Figure  7,  to  PC3M  cells  was  further 
visualized  using  fluorescence  microscopy,  as  shown  in  Figure  8.  The  results  indicated 
that  particles  P3,  P4,  and  P5  bound  to  the  PC3-M  cells  to  a  greater  extent  than  the 
other  particles.  Further  visualization  and  characterization  of  their  binding  to  the  LNCaP 
and  normal  prostate  cells  are  ongoing  but  these  promise  to  be  good  alternatives  to  F3 
for  targeting  of  MNPs. 


P4  P5  P6 


Figure  8.  Fluorescent  images  showing  the  in  vitro  binding  of  six  different  targeting  ligands  (red  markers) 
to  PC3-M  cells  (nucleus  stained  blue). 


In  addition  to  the  targeting  of  the  MNP  to  cancer  cells,  an  important  component  of 
the  proposed  work  is  to  label  the  particles  with  a  fluorescent  dye  whose  release  is 
triggered  by  proteolytic  activity.  The  fluorescently  labeled  peptide  5-TAMRA- 
SGKGPRQITAGGC-amide  was  conjugated  to  the  surface  of  the  MNP  using  maleimide 
chemistry.  To  determine  its  response  to  proteolytic  activity,  the  MNP-peptide  was 
incubated  with  varying  concentrations  of  the  protease  TrypLE  Express  (Life 
Technologies,  Grand  Island,  NY)  for  15  minutes,  centrifuged,  and  the  fluorescence  of 
the  supernatant  measured  at  546/579  (characteristic  of  5-TAMRA  fluorescent  dye).  As 
seen  in  Figure  9,  the  concentration  of  the  protease  correlated  with  the  release  of  5- 
TAMRAfrom  the  surface  of  the  MNP.  Based  on  these  preliminary  results,  we  are 
currently  evaluating  the  ability  of  this  system  to  detect  activity  of  legumain  and  matrix 
metalloproteinase  9  (MMP-9).  Legumain  and  MMP-9  are  important  tumor-associated 
proteases,  overexpressed  in  the  prostate  cancer  microenvironment,  and  the  level  of 
which  is  associated  with  metastatic  potential  of  the  cancer. 
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Figure  9.  Fluorescently  labeled  peptides  where  conjugated  to  the  surface  of  MNP  and  their  initial  release 
rate  measured,  as  ratio  of  fluorescence  signal  at  546  nm  and  579  nm,  with  varying  concentrations  of 
trypsin  protease.  Fluorescence  intensity  was  measured  after  a  15  minute  incubation. 


The  next  step  would  be  to  evaluate  the  MMIA  with  an  appropriate  cell  line 
expressing  matrix  metalloproteinase  (MMP).  While  MMP  has  been  shown  to  be  highly 
expressed  by  PC3  cells  in  vivo,  PC3  do  not  secrete  measurable  quantities  of  MMP  in  in 
vitro  cultures.  While  the  ultimate  goal  is  to  target  prostate  cancer  cells,  the  human 
fibrosarcoma  HT-1080  cell  line  is  one  of  the  most  frequently  used  cell  types  for  MMP 
research  in  vitro  and  in  vivo.  This  is  primarily  because  it  is  one  of  the  few  cell  lines  to 
express  MMP  in  vitro.  Moreover,  HT-1080  tumors  grow  quickly  in  vivo  and  are  very  well 
vascularized,  enabling  penetration  by  nanoparticles.  We  conducted  gelatin  zymography 
studies  on  HT-1080  serum-free  conditioned  media,  which  confirmed  the  secretion  of 
gelatinase,  an  MMP,  as  shown  in  Figure  10. 


[  Protein  concentration  determination"] 


Mix  sample  and  standards  with  loading  buffer 


|  Gel  preparation:  | 

_ » 

[  Loading  samples  and  running  the  geP| 


Gel  renatu  ration 


|  Gel  development  | 

[  Gel  staining  and  destining" 


Figure  10.  A)  Illustrates  the  main  steps  in  gelatin  zymography.  B)  Gelatin  zymography  on  serum-free 
conditioned  media  and  lysate  of  HT-1080  cells  confirmed  gelatinase  secretion  by  HT-1080  cells. 
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Having  confirmed  the  secretion  of  MMP  by  HT-1080  cells,  we  then  sought  to 
select  an  appropriate  targeting  ligand  for  HT-1080  cells.  This  would  enable  the  use  of 
HT-1080  cells  as  a  well-characterized,  positive  control  for  the  in  vivo  studies.  The 
overexpression  of  av(33  integrin,  an  important  tumor  biomarker,  on  the  surface  of  HT- 
1080  cells  has  been  previously  reported  in  the  literature.  The  RGD  motif,  found  in 
several  extracellular  proteins,  is  known  to  be  a  potent  integrin  av(B3  antagonist  and  cyclic 
forms  of  the  RGD  (cRGD)  peptide  has  been  widely  utilized  as  an  avp3  integrin  targeting 
ligand.  To  induce  uptake  by  HT-1080  cells,  the  surface  of  MNPs  were  functionalized 
with  cRGD  through  a  heterobifunctional  PEG  (MAL-PEG-NHS).  The  particles  were 
labeled  cRGD-PEG-SPION  and  a  control  that  lacked  cRGD  was  also  synthesized,  and 
labeled  PEG-SPION. 

Prior  to  running  cell  uptake  studies,  we  tested  the  size  stability  of  cRGD-PEG- 
SPION  in  HT-1080  complete  culture  medium.  Figure  11A  shows  that  the  particles  were 
very  stable  over  a  period  of  72  hours.  Next,  we  investigated  whether  the  quantitative 
BCA  protein  assay  can  be  used  to  measure  HT-1080  cell  number.  An  excellent  linear  fit 
was  generated  (Figure  11B),  which  ensured  that  we  are  able  to  correct  for  the  number 
of  cells  in  different  wells.  Finally,  cellular  uptake  of  the  SPION  by  HT-1 080  cells  was 
conducted  using  the  ferrozine  assay  for  SPION  quantification  and  the  BCA  assay  for 
cell  quantification.  cRGD-PEG-SPION  displayed  significantly  higher  uptake  over  control 
PEG-SPION  (Figure  11C).  This  was  an  important  result  that  confirmed  our  ability  to 
actively  target  HT1080  cells  and  provided  a  positive  control  for  future  studies. 
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Figure  11.  cRGD  studies  -  A.  cRGD-PEG-SPION  showed  excellent  size  stability  in  HT-1080  complete 
culture  medium  over  a  period  of  72  hours.  B.  Standard  curve  for  BCA  protein  quantification  at  different 
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HT-1080  cell  number.  C.  cRGD-PEG-SPION  displayed  significant  HT1080  cell  uptake  versus  control 
PEG-SPION. 


We  evaluated  the  ability  of  our  system  to  detect  the  activity  of  matrix  metalloproteinase 
2  and  9  (MMP-2/9).  We  conjugated  a  fluorescently  (5-FAM)  labeled  MMP-2/9  specific 
peptide  (sequence:  5-FAM-GPLGVRGC)  to  the  surface  of  the  MNP  using  maleimide 
chemistry.  The  resulting  MMP-specific-peptide-MNP  was  labeled  (MSP-PEG-MNPs).  To 
determine  its  response  to  proteolytic  activity,  MSP-PEG-MNPs  were  incubated  with 
varying  concentrations  of  activated  MMP-2  and  MMP-9  for  3  hours,  centrifuged,  and  the 
fluorescence  of  the  supernatant  measured  at  495/525  (characteristic  of  5-FAM 
fluorescent  dye).  As  seen  in  Figure  12,  the  concentration  of  the  protease  correlated 
with  the  release  of  5-FAM  from  the  surface  of  the  MNP. 
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Figure  12.  Conjugation  of  an  MMP-2/9  cleavable  peptide  allows  us  to  quantify  MMP-2/9  concentrations  in 
solution 


The  toxicity  of  SPIONs  with  different  surface  properties  were  assessed  in  vitro. 
The  size  of  PEG,  which  alters  the  surface  properties  of  SPIONs,  can  significantly  affect 
the  pharmacokinetics  and  biodistribution  profiles  of  SPIONs.  Figure  13  demonstrates  a 
schematic  for  obtaining  the  different  sized  PEG-SPIONs. 


PEGylated,  Cy7-SPIONs 
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Figure  13.  Synthesizing  PEGylated,  Cy7-SPIONs 
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All  three  PEGylated  SPIONs  (2K,  5K  and  20K-PEG  SPIONs)  demonstrated  markedly 
reduced  macrophage  uptake  (Figure  14)  than  aminated  SPIONs.  However,  the  size  of 
PEG  didn’t  cause  a  significant  difference  in  macrophage  uptake. 
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Figure  14.  PEGylation  of  SPIONs  drastically  reduces  uptake  by  macrophage  cells  compared  to 
unmodified  SPIONs.  However,  the  size  of  PEG  (2k,  5K,  20K)  didn’t  significantly  impact  uptake. 


Multispectral  optoacoustic  tomography  (MSOT)  imaging  will  be  used  to  compare  the  in 
vivo  pharmacokinetics,  i.e.  disappearance  rate  from  circulation,  and  biodistribution 
profiles  of  Cy  7  fluorophore  conjugated  superparamagnetic  iron  oxide  nanoparticles 
(Cy7-SPIONs)  coated  with  three  different  sizes  (2,  5  and  20  kDa)  of  polyethylene  glycol 
(PEG).  MSOT  image  reconstruction  and  spectral  unmixing  algorithms  will  be  used  to 
visualize  and  quantify  the  concentration  of  Cy7-SPION  in  circulation  (in  visible 
arteries/veins)  and  in  organs  of  elimination,  which  include  the  liver,  spleen  and  kidneys. 
Before  we  can  conduct  the  in  vivo  studies,  we  needed  to  confirm  the  photoacoustic 
properties  of  the  PEGylated,  Cy7  SPIONs.  We  also  needed  to  make  sure  that  the  size 
of  PEG  doesn’t  have  an  impact  on  the  photoacoustic  signal.  We  optimized  the  Cy7  to 
PEG  surface  density  on  the  surface  of  SPIONs  that  balanced  nanoparticle  size  stability 
with  its  photoacoustic  property.  Afterwards,  we  conducted  MSOT  phantom  studies  on 
various  concentrations  of  each  type  of  SPIONs.  The  photoacoustic  signal  correlated 
strongly  with  nanoparticle  concentration  (strong  linear  fit),  as  shown  in  Figure  15. 

MSOT  could  also  detect  very  low  nanoparticle  concentrations  (0.005  mg  Fe/mL).  Lastly, 
PEG  size  did  not  affect  the  photoacoustic  signal. 


A 


B 


Nanoparticle  concentration  (mg  Fe/mL) 

Figure  15.  The  photoacoustic  signal  obtained  from  MSOT  (A)  correlates  strongly  with  nanoparticle 
concentration  (B). 
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{current  period:  We  previously  showed  that  PEGylation  of  the  SPION  surface  prevent 
uptake,  and  thereby  clearance,  of  particles  by  macrophages.  However,  any  changes  to 
surface  chemistry,  such  as  the  addition  of  a  fluorescent  dye,  could  potentially  shift  this 
stability.  It  was,  therefore,  important  to  assess  the  impact  of  incorporating  the  Cy7 
fluorescent  dye  on  macrophage  uptake  for  all  three  PEGylated  SPIONs  (i.e.  SPIONs 
modified  with  2kDa,  5kDa  and  20kDa  PEG).  All  three  PEGylated  SPIONs  (2K,  5K  and 
20K-SPIONs)  had  demonstrated  markedly  reduced  macrophage  uptake  (Figure  14) 
than  aminated  SPIONs  in  the  absence  of  Cy7.  When  the  Cy7  dye  was  added,  however, 
uptake  of  20K-SPIONs  by  macrophage  cells  was  markedly  higher  than  that  for  2K  and 
5K-SPIONs.  We  hypothesize  that,  due  to  its  larger  hydrodynamic  diameter  and  surface 
footprint,  the  resulting  low  density  of  PEG  coverage  on  the  particle  surface  with  the 
20kDa  PEG  does  not  sufficiently  hinder  inter-particle,  hydrophobic  interactions  and  this 
leads  to  aggregation  and  subsequent  macrophage  uptake.  The,  20K-SPIONs  were 
therefore  removed  from  future  studies. 
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Figure  16.  Macrophage  uptake  of  SPIONs  modified  with  2kDa,  5kDa  and  20kDa  PEG,  with  and  without 
the  addition  of  Cy7  fluorescent  dye. 


Since  the  goal  is  to  develop  an  imaging  agent  what  would  enable  the  detection  of 
cancer-related  protease  activity,  it  is  also  important  to  determine  the  response  of  the 
agent  to  non-specific  proteases  found  within  physiological  fluids.  Therefore,  the 
selectivity  of  the  MMP-specific  nanoparticles  (MSP-PEG-MNPs)  was  evaluated  against 
various  tumor-associated  proteases.  These  proteases  were  incubated  with  a  fixed 
amount  of  MSP-PEG-MNPs  for  10  minutes,  centrifuged,  and  the  fluorescence  of  the 
supernatant  at  495/525  nm  measured  to  quantify  the  amount  of  hydrolyzed  peptide. 
MSP-PEG-MNPs  displayed  significantly  higher  selectivity  towards  MMPs  compared  to 
trypsin,  cathepsin  B,  a  variety  of  caspases  and  legumain  (Figure  17A).  When 
comparing  between  MMPs,  there  was  a  statistically  greater  response  of  the  particles 
towards  MMP-2  (Figure  17B). 


18 


Figure  17.  pmol  peptide  on  surface  of  MNP  hydrolyzed  per  minute  by  1  pmol  of  several  tumor-associated 
proteases  (A);  only  showing  results  for  MMPs  (B). 


Next,  we  studied  the  Michaelis-Menten  kinetics  for  the  MMPs  by  measuring  the  initial 
reaction  rate  as  a  function  of  various  MSP-PEG-MNP  concentrations  (Figure  18A).  The 
experimental  data  was  fitted  to  the  Michaelis-Menten  reaction  model  and  the  parameter 
kcat/Km,  a  measure  of  catalytic  efficiency,  was  calculated.  MMP-2  had  a  significantly 
higher  (p<0.01)  catalytic  efficiency  towards  MSP-PEG-MNPs  than  all  the  other  MMPs 
tested  (Figure  18B). 
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Figure  18.  Michaelis-Menten  reaction  kinetics.  (A)  Initial  reaction  rate  at  different  substrate  concentrations 
for  all  MMPs  tested;  and  (B)  KCat/Km,  a  measure  of  catalytic  efficiency,  for  MMP-2,7,8,9  and  13. 


Next,  the  specificity  of  the  MMP  specific  peptide  5-FAM-GPLGVRGC  towards  MMP-2, 
was  compared  to  a  scrambled  version  of  the  peptide  (FAM-GVRLGPGC);  particles  with 
the  scrambled  peptide  were  labeled  as  MSCRP-PEG-SPIONs.  A  second  MMP-specific 
peptide,  with  the  amino  acid  sequence  FAM-GGPRQITAGC,  was  also  tested  (labeled 
as  MSP2-PEG-SPIONs).  All  three  particles  were  incubated  with  1  pmol  MMP-2,  and  the 
amount  of  hydrolyzed  peptide  was  quantified  through  a  fluorescence  measurement  of 
the  supernatant.  Results  are  shown  in  Figure  19A.  MMP-2  displayed  a  significantly 
higher  affinity  towards  the  nanoparticles  carrying  MMP-specific  peptides  as  opposed  to 
the  ones  carrying  the  scrambled  peptide. 


The  results  indicate  that  we  have  successfully  synthesized  SPIONs  with  a  specific 
affinity  to  MMPs,  specifically  MMP-2,  versus  other  proteases.  It  is  also  essential  that  the 
conjugated  peptide  remains  stable  in  circulation  prior  to  reaching  the  tumor 
microenvironment.  The  hydrolytic  release  of  labeled  peptides  on  the  particles  were 
therefore  tested  in  the  presence  of  1  pmol  MMP-2  versus  100%  fetal  bovine  serum 
(FBS)  and  complete  culture  media  (Figure  19B).  The  amount  of  peptide  released  per 
minute  was  significantly  higher  in  the  presence  of  MMP-2  versus  than  in  FBS  and 
culture  media. 
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Figure  19.  Pmol  peptide  hydrolyzed  per  minute  for  MSP-PEG-SPIONs  (with  MMP  specific  peptide  #1), 
MSP2-PEG-SPIONs  (with  MMP  specific  peptide  #2),  and  MSCRP-PEG-SPIONs  (with  MMP  scrambled 
peptide  to  #1)  in  (A)  with  1  pmol  MMP-2,  and  (B)  in  various  conditions  to  assess  stability  in  physiological 
mimicking  conditions} 


Opportunities  for  training  and  professional  development 

During  this  project,  two  graduate  students,  a  Master  student  and  one  PhD 
student,  have  been  trained  in  the  synthesis  and  characterization  of  MNPs,  as  well  as  in 
the  techniques  of  cell  culture  work.  The  graduate  students  have  also  presented  their 
work  and  attended  talks  at  several  conferences,  including: 

•  2013  AlChE  Annual  Meeting,  San  Francisco,  CA 

•  2014  AlChE  Annual  Meeting,  Atlanta,  GA 

•  2015  Science  and  Technology  Open  House,  Montgomery,  AL 

•  2015  Auburn  Univ.  Research  Initiative  in  Cancer  (AURIC)  Meeting,  Auburn,  AL 

•  2016  Alabama  Regional  NanoBio  Meeting,  Auburn,  AL 

•  2016  AlChE  Annual  Meeting,  San  Francisco,  CA 

The  Master’s  student  has  graduated  and  is  currently  pursuing  a  PhD  degree  at 
Northwestern  University. 

Additionally,  six  undergraduate  students  have  been  mentored  in  the  lab  during 
the  funded  period.  One  undergraduate  student  has  since  graduated  and  is  currently 
attending  the  medical  school  at  the  University  of  Alabama  -  Birmingham.  Two  other 
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undergraduate  students  graduate  recently  and  accepted  positions  in  the  commercial 
sector.  The  fourth  student  has  been  accepted  into  the  PhD  program  in  chemical 
engineering  at  the  University  of  Notre  Dame.  The  remaining  two  students  are  currently 
seniors  in  the  chemical  engineering  program. 


Dissemination  of  results  to  communities  of  interest 

Nothing  to  report 


Plan  for  the  next  report  period 

Much  of  the  work  proposed  for  Task  1  (i.e.  synthesis  and  optimization  of  the 
MNP)  and  Task  2  (i.e.  in  vitro  studies  of  cancer  cell  target  specificity  and  protease 
specificity)  have  been  completed.  During  the  next  report  period,  we  will  continue  to 
evaluate  the  MNP  with  in  vitro  assays  and  also  plan  to  initiate  the  proposed  in  vivo 
work.  The  project  is  currently  on  schedule  with  the  timeline  provided  in  the 
statement  of  work. 


4.  Impact 

Nothing  to  report. 


5.  Changes/Problems 
Nothing  to  report. 
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The  use  of  magnetophoretic  mobility  as  a  surrogate  for  fluorescence  intensity  in  quantitative  cell  analysis  was 
investigated.  The  objectives  of  quantitative  fluorescence  flow  cytometiy  include  establishing  a  level  of  labeling 
for  the  setting  of  parameters  in  fluorescence  activated  cell  sorters  (FACS)  and  the  determination  of  levels  of 
uptake  of  fluorescently  labeled  substrates  by  living  cells.  Likewise,  the  objectives  of  quantitative  magnetic 
cytometry  include  establishing  a  level  of  labeling  for  the  setting  of  parameters  in  flowing  magnetic  cell  sorters 
and  the  determination  of  levels  of  uptake  of  magnetically  labeled  substrates  by  living  cells.  The  magnetic 
counterpart  to  fluorescence  intensity  is  magnetophoretic  mobility,  defined  as  the  velocity  imparted  to  a 
suspended  cell  per  unit  of  magnetic  ponderomotive  force.  A  commercial  velocimeter  available  for  making  this 
measurement  was  used  to  demonstrate  both  applications.  Cultured  Gallus  lymphoma  cells  were  immunolabeled 
with  commercial  magnetic  beads  and  shown  to  have  adequate  magnetophoretic  mobility  to  be  separated  by  a 
novel  flowing  magnetic  separator.  Phagocytosis  of  starch  nanoparticles  having  magnetic  cores  by  cultured 
Chinese  hamster  ovary  cells,  a  CHO  line,  was  quantified  on  the  basis  of  magnetophoretic  mobility. 


1.  Introduction 

When  cells  are  to  be  separated  by  fluorescence  activated  cell  sorters 
(FACS)  it  is  customary  to  determine  the  distribution  of  fluorescence 
intensity  in  a  fluorophore-labeled  population  of  cells  and  to  set  flow 
parameters  that  select  the  desired  cell  population  [1].  Likewise  the 
measurement  of  magnetophoretic  mobility  has  been  used  historically 
to  set  flow  parameters  in  a  quadrupole  magnetic  cell  sorter  [2-5]  and  a 
very  early  version  of  a  magnetic  flow  sorter  [6,7].  This  approach  does 
not  appear  to  have  been  applied  to  a  wider  variety  of  magnetic  cell 
sorters.  The  magnetophoretic  mobility  requirements  for  almost  any 
magnetic  separation  can  be  determined  by  computational  fluid  dy¬ 
namic  analysis  [8,9].  In  a  separation  with  flow-rate  requirements,  for 
example,  a  minimum  required  mobility  can  be  calculated.  Tumor  cells 
were  chosen  as  an  example  of  cells  to  be  labeled  for  magnetic 
separation  owing  to  interest  in  magnetically  separating  tumor  cells 
from  circulating  blood  [10,11]. 

Fluorescence  flow  cytometry  is  also  used  to  determine  levels  of 
uptake  of  fluorescently  labeled  substrates  by  living  cells.  Fluorescent 
substrates  are  usually  antibodies  identifying  cell  surface  markers  and 
may  or  may  not  be  internalized  by  receptor-mediated  endocytosis  and/ 
or  due  to  cell-membrane  regeneration.  The  determination  of  levels  of 


uptake  of  magnetically  labeled  substrates  by  living  cells  can  be  assessed 
by  the  measurement  of  magnetophoretic  mobility  [12].  There  is 
considerable  interest  in  the  phagocytosis  of  nanomaterials  [13],  and 
nanomaterials  used  in  MRI  have  magnetic  cores  [14].  Micro-  and 
nanoparticles  are  ingested  by  cells  by  mechanisms  dependent  on 
particle  size  and  surface  composition  including  targeting  moieties  such 
as  antibody  labels  [15]  and  can  be  ingested  by  a  plethora  of  cell  uptake 
mechanisms  (phagocytosis,  pinocytosis,  receptor  and  non-receptor 
mediated  endocytosis).  Fluorescent  labels  modify  the  surface  proper¬ 
ties  of  most  types  of  particles  (with  the  possible  exception  of  particles 
coated  with  fluorescent  antibodies),  whereas  magnetic  cores  do  not 
necessarily  modify  particle  surface  chemistry.  One  unintended  conse¬ 
quence  of  labeling  of  blood  and  bone  marrow  with  beads  is  the  non¬ 
specific  ingestion  of  labeling  particles  by  phagocytic  cells  in  the 
environment  either  by  direct  uptake  or  by  released  endocytotic  vesicles 
[16].  In  this  study  a  commercial  velocimeter  was  used  to  measure 
magnetophoretic  mobility  distributions  in  two  example  applications: 
flowing  magnetic  cell  separation  and  nanoparticle  phagocytosis.  The 
adequacy  of  tumor  cell  labeling  to  meet  the  requirements  of  a  particular 
flowing  separator  was  established,  and  the  kinetics  of  starch-particle 
phagocytosis  were  characterized. 
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Fig.  1.  Labeled  photograph  of  the  Hyperflux™  magnetic  velocimeter  demonstrated  in 
this  study. 


2.2.  Particles 

Medium  to  high  mobility  particles  were  required  for  tumor  cell 
labeling  for  the  separator  proposed  for  use.  Beads  were  magnetically 
selected  according  to  manufacturer's  instructions  before  and  after 
antibody  labeling.  The  antibody  used  is  Mouse  monoclonal  M-l  Anti- 
Chicken  IgM  mu  chain  (Biotin),  Abeam™  product  id  ab99719.  Labeling 
of  beads  with  this  antibody  was  achieved  before  mixing  particles  with 
cells  following  manufacturers’  instructions.  Magnetic  beads  used  in  the 
testing  are  2.8  pm  diameter  Dynabeads®  Biotin  Binder  (InVitrogen/ 
Dynal)  with  measured  magnetophoretic  mobility  range  of  1.3-2.0x10“ 
11  m3/TAS,  the  concentration  of  beads  is  4xl08  beads/mL.  Nonspecific 
particle  internalization  was  avoided  by  reacting  label  with  cells  at  8  C  or 
23  C.  Phagocytosis  (deliberate  internalization)  studies  utilized  50  and 
100  nm  superparamagnetic  iron-oxide  nanoparticles  with  magnetite 
core  and  starch  matrix  and  coating  (Chemicell  FluidMAG-D,  Berlin, 
Germany,  Article  Number:  4101-1  (1  mL))  [16].  The  concentration  of 
nanoparticles  is  expressed  as  pg/mL  of  iron. 


2.  Experimental 

2.1.  Cells 

The  tumor  cell  line  used  in  all  tests  is  CRL-211,  DT40,  obtained 
from  ATCC,  a  chicken  B-cell  lymphoma  cell  line.  These  cells  were 
maintained  in  suspension  culture  by  twice-weekly  passage  in  culture 
medium  consisting  of  69%  Dulbecco's  modified  eagle's  medium 
(DMEM),  10%  tryptose  phosphate  broth  solution,  5%  chicken  serum, 
and  1%  ABAM  (Antibiotic- Antimycotic  mixture,  all  produced  by 
SIGMA™,  St.  Louis,  MO,  USA,  plus  10%  fetal  bovine  serum  (FBS) 
produced  by  ATCC.  Cells  were  counted  by  hemacytometer  and  diluted 
in  Dulbecco's  phosphate-buffered  saline  (PBS)  to  about  5xl04  cells/mL 
for  reaction  with  bead  reagent  and  evaluation  in  the  Hyperflux™ 
velocimeter. 

CHO  Cells  (Chinese  Hamster  Ovary  cells,  line  CHO-K1)  were 
maintained  in  monolayer  culture  in  T-75  flasks  at  a  passage  ratio  of 
about  1:8  every  two  days.  For  endocytosis  experiments  cells  were 
trypsinized  and  counted  for  plating  at  about  lxlO6  cells  per  well  in 
6-well  plates  and  incubated  at  37  C  for  one  day.  They  were  then 
switched  to  complete  medium  containing  various  concentrations  of 
magnetic  nanoparticles  for  various  times  from  1  to  24  h.  They  were 
then  trypsinized  and  suspended  in  Hanks’  Balanced  Salts  Solution 
for  analysis  using  materials  and  protocols  as  previously  described 
[17]. 


2.3.  Magnetophoretic  mobility  measurement 

Magnetophoretic  mobility  is  the  ratio  of  the  terminal  velocity  of  the 

v  eF 

particle,  vm,  to  the  gradient  of  the  magnetic  energy,  — with  B  being 

2fi0 

the  local  magnetic  flux  density  at  the  point  of  the  particle  or  cell: 


The  units  of  Um  are  m  s_1/T  A  m“2  or  m3T_1  A-1  s_1  (meters  cubed  per 
Tesla-Ampere-second),  expressed  in  this  work  as  m3/TAs.  The  Hyperflux™ 
velocimeter  (IKOTECH,  LLC,  New  Albany  IN,  USA)  measures  vm  by  image 
velocimetiy  and  divides  it  by  the  denominator  in  Eq.  (1),  which  is  an 
adjustable  constant  in  the  velocimeter  software.  The  Hyperflux™  image 
velocimeter,  in  brief,  consists  of  a  stopped-flow  sample  cell  connected  to 
sample,  supply  and  waste  fluid  reservoirs  and  served  by  an  automated 
pump,  which  transfers  a  fresh  volume  of  sample  into  the  optical  cell  after 
each  “set”  of  a  specified  number  of  video  frames  has  been  recorded  by  a 
high-resolution  camera.  Raw  video  frames  are  maintained  in  a  file  that  can 
then  be  analyzed  using  operator-selected  parameters,  especially  including 
an  intensity  threshold  setting  that  is  adjusted  interactively  on  the  basis  of 
simultaneous  image  and  graphical  display.  For  every  recorded  event  at  least 
20  parameters  are  calculated  and  stored  including  velocity,  magnetophore¬ 
tic  mobility,  size,  shape  and  image  processing  parameters.  Additional 
details  are  given  in  [18],  and  a  view  of  the  Hyperflux™  velocimeter  is 
given  in  Fig.  1.  An  example  of  a  data  display  screen  is  shown  in  Fig.  2. 


Summary  Statistics  of  magnetophoretic  mobility  distribution 

Sample  Name :  zhixicollect-1 1 03  Peak  Mobjljty : 

Test  File  Name  :  /home/ctvuser/experiments/zh'xkollect-1103.xinl 


Operator :  Zhixi 


Standard  Deviation : 


1.681 59e-11  m*3/TAs 
4.35405e-12  mA3/TAs 


Mobility  Histogram 


Fig.  2.  Screen  shot  of  mobility  histogram  generated  automatically  by  the  Hyperflux™  velocimeter  for  magnetically  labeled  chicken  lymphoma  cells.  Vertical  solid  line  indicates  peak 
mobility.  Vertical  dashed  line  indicates  minimum  magnetophoretic  mobility  (1.3x10™  m3/TAs)  for  100%  capture  of  cells  in  a  modeled  cell  separator  flowing  at  1.0  mL/min. 
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3.  Results  and  Discussion 

3.1.  Magnetophoretic  mobility  of  tumor  cells  labeled  for  flowing 
separation 

Magnetophoretic  mobility  distributions  were  determined  on  the 
basis  of  several  thousand  analyzed  cell  tracks,  and  an  example  is  given 
in  Fig.  2,  a  screen  shot  of  the  Hyperflux™  velocimeter  output.  For  the 
flowing  magnetic  separator  in  question,  a  compact  multistage  capture 
device  with  a  desired  flow  rate  of  1.0  mL/min,  the  minimum  required 
magnetophoretic  mobility  for  100%  cell  capture  was  calculated  to  be 
1.3xl0-11  m3/TAs.  This  is  marked  as  a  dashed  vertical  line  in  Fig.  2. 
From  the  mobility  data  set  it  may  be  calculated  that  the  separator  in 
question  would  capture  about  90%  of  the  labeled  cells. 

3.2.  Magnetophoretic  mobility  and  nanoparticle  phagocytosis 

In  order  to  use  magnetophoretic  mobility  as  a  robust  indicator  of 
particle  ingestion,  instrument  settings  that  provide  reproducible  results 
were  established.  The  most  significant  operator-controlled  setting  is  a 
threshold  intensity  value  used  by  the  Hyperflux™  image  analysis 
package  to  accept  or  reject  imaged  objects  for  calculation  of  their 
average  magnetophoretic  mobilities.  The  range  of  intensity  values  is  0- 
255.  In  Fig.  3  it  is  seen  that  mid-range  values,  130  and  190  for 
example,  provide  essentially  reproducible  mobility  distributions  for 
magnetically  labeled  CHO  cells. 

Cells  were  fed  several  concentrations  (based  on  pg/mL  Fe)  of 
100  nm  starch-coated  Chemicell  Fluid  MAG-D  magnetic  particles  for 
24  h  in  kinetic  studies,  and  mobility  histograms  were  determined  on 
the  basis  of  velocities  calculated  from  several  thousand  tracks. 
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Histograms  of  cells'  magnetophoretic  mobilities  are  given  in  Fig.  4. 
The  clear  trend  to  higher  mobility  is  seen  by  visual  comparison  of  the 
five  histograms,  and  peak  mobilities  plotted  vs.  particle  concentration 
in  Fig.  5  follow  a  monotonic  trend  up  to  200  pg/mL  Fe.  These 
observations  using  magnetophoretic  mobility  as  a  measurement  of 
phagocytosis  are  consistent  with  quantifications  using  other,  tradi¬ 
tional  chemical  and  cytological  methods  [17]. 

4.  Conclusions 

Labeled  tumor  cells  have  been  magnetically  characterized,  and 
phagocytosis  kinetics  studies  have  been  performed  in  a  user  laboratory 
by  measuring  magnetophoretic  mobility  distributions  using  the 
Hyperflux™  magnetic  velocimeters.  The  ability  of  labeled  tumor  cells 
to  be  captured  by  a  flowing  cell  separator  was  predicted.  The  kinetics  of 
starch  nanoparticle  phagocytosis  was  characterized  quantitatively, 
providing  data  suitable  for  theoretical  model  fitting.  Such  measure¬ 
ments  can  now  be  achieved  on  a  rapid,  convenient  and  routine  basis 
using  commercial  instrumentation. 
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Fig.  3.  Magnetophoretic  mobility  distributions  of  CHO  cells  labeled  for  24  h  with  100  nm  starch-coated  Chemicell  Fluid  MAG-D  magnetic  particles  measured  using  two  intensity 
threshold  settings  of  the  Hyperflux™  velocimeter.  Top:  Screen  shot  of  image  analysis  data  at  Threshold=190.  Lower:  Mobility  distributions  at  threshold  =130  and  190  on  a  linear 
mobility  scale. 
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Fig.  4.  Magnetophoretic  mobility  distributions  of  CHO  cells  labeled  for  24  h  with  five 
concentrations  of  100  nm  starch-coated  beads.  There  is  a  15-fold  increase  in  beads/cell 
over  this  concentration  range.  Unlabeled  cells  have  no  magnetophoretic  mobility. 


Fig.  5.  Average  magnetophoretic  mobility  of  CHO  cells  that  ingested  five  concentrations 
of  50  nm  or  100  nm  starch-coated  beads  vs.  concentration  of  beads  as  measured  by  iron 
content. 
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Nanoparticle-based  probes  to  enable 
noninvasive  imaging  of  proteolytic  activity 
for  cancer  diagnosis 


Nanomedicine 


Proteases  play  a  key  role  in  tumor  biology,  with  high  expression  levels  often  correlating 
with  poor  prognosis  for  cancer  patients  -  making  them  excellent  disease  markers  for 
tumor  diagnosis.  Despite  their  significance,  quantifying  proteolytic  activity  in  vivo 
remains  a  challenge.  Nanoparticles,  with  their  ability  to  serve  as  scaffolds  having 
unique  chemical,  optical  and  magnetic  properties,  offer  the  promise  of  merging 
diagnostic  medicine  with  material  engineering.  Such  nanoparticles  can  interact 
preferentially  with  proteases  enriched  in  tumors,  providing  the  ability  to  assess  disease 
state  in  a  noninvasive  and  spatiotemporal  manner.  We  review  recent  advances  in  the 
development  of  nanoparticles  for  imaging  and  quantification  of  proteolytic  activity 
in  tumor  models,  and  prognosticate  future  advancements. 

First  draft  submitted:  20  January  2016;  Accepted  for  publication:  23  May  2016; 
Published  online:  28  July  2016 
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•  proteases  •  surface  modification  •  tumor  microenvironment 


It  is  predicted  that  by  2030  there  will  be 
more  than  22  million  new  cancer  cases  each 
year  worldwide  [l] .  Successful  management 
of  cancer  hinges  on  its  early  and  accurate 
detection  and  subsequent  treatment  [2].  In 
many  instances,  both  diagnosis  and  treat¬ 
ment  planning  rely  on  data  gathered  through 
biomedical  imaging  techniques.  Conven¬ 
tional  anatomical  imaging  modalities,  which 
include  magnetic  resonance  imaging  (MRI), 
ultrasound  and  computed  tomography,  pro¬ 
vide  morphological  information  on  the  loca¬ 
tion  and  size  of  tumor  lesion.  Anatomical 
imaging,  however,  lacks  specificity  and  sensi¬ 
tivity  [3] ,  and  provides  no  information  about 
abnormalities  at  the  cellular  and  molecular 
level  [4].  As  a  result,  clinically  utilized  ana¬ 
tomical  imaging  techniques  only  detect 
tumors  when  the  lesion  diameter  exceeds 
approximately  1  cm,  at  which  point  the 
tumor  comprises  more  than  a  billion  cells  [5] . 
Molecular  imaging,  on  the  other  hand,  offers 
the  potential  to  visualize  and  quantify  the 


molecular  and  cellular  processes  associated 
with  early  stages  of  disease  progression  and  its 
remission  [6] .  For  example,  differential  physi¬ 
ological  characteristics,  which  include  the 
overexpression  of  several  cell  receptors  such 
as  EGFRs  [7],  low  pH,  hypoxia  and  increased 
proteolytic  activity,  between  tumor  and  nor¬ 
mal  tissues  can  be  exploited  in  the  develop¬ 
ment  of  tools  for  diagnosis  and  monitoring  of 
disease  state  [6,8,9] . 

Imaging  of  tumor  proteolytic  activity  is 
attractive  for  several  reasons:  protease  expres¬ 
sion  can  be  elevated  at  even  the  early  stages 
of  tumor  progression  [10] ;  catalytic  amplifi¬ 
cation  provides  for  enhanced  sensitivity  [n] ; 
the  potential  for  improved  signal-to-noise 
ratio  through  ON/OFF  switching  of  probes 
by  proteolytic  activity;  and  the  presence 
of  proteases  at  the  invasive  front  of  tumors 
and  at  sites  of  angiogenesis  -  regions  read¬ 
ily  accessible  to  imaging  probes  [12] .  Tumor 
progression  and  invasion  makes  significant 
use  of  proteases  at  the  primary  and  meta- 


Tareq  Anani1,  Peter  Panizzi2  & 
Allan  E.  David*1 

department  of  Chemical  Engineering, 
Samuel  Ginn  College  of  Engineering, 

212  Ross  Hall,  Auburn  University, 

Auburn,  AL  36849,  USA 
department  of  Drug  Discovery  & 
Development,  Harrison  School  of 
Pharmacy,  4306  Walker  Building,  Auburn 
University,  Auburn,  AL  36849,  USA 
*Author  for  correspondence: 

Tel.:  +334  844  8119 
Fax:  +334  844  2063 
aedavid@auburn.edu 


Future  Vv  (SH 
Medicine  of 


1 0.221 7/nnm-201 6-0027  ©  2016  Future  Medicine  Ltd  Nanomedicine  (Lond.)  (2016)  11(15),  2007-2022 


ISSN  1743-5889 


2007 


Review  Anani,  Panizzi  &  David 


static  sites  [2] .  In  addition  to  degrading  the  extracellular 
matrix,  proteases  release  growth  factors  and  chemo- 
kines,  which  directly  or  indirectly  affect  tumor  inva¬ 
sion,  and  they  also  activate  latent  proteins  on  the  cell 
surface  [13].  Matrix  metalloproteinases  (MMP),  a  fam¬ 
ily  of  extracellular,  zinc-dependent  enzymes  involved  in 
extracellular  matrix  remodeling,  are  of  special  interest 
as  their  increased  activity  is  associated  with  the  aggres¬ 
siveness  of  many  cancers  [14,15] .  Other  proteases,  includ¬ 
ing  the  lysosomal  cysteine  protease  cathepsin  B  and  the 
serine  protease  urokinase-type  plasminogen  activator 
have  also  been  implicated  in  tumor  progression  [1 6] . 

Numerous  molecular  probes,  including  those  based 
on  peptides  [17,18],  polymers  [19,20],  polymeric  nanopar¬ 
ticles  [21,22],  protein  nanoparticles  [14]  or  inorganic 
nanoparticles  [23-25],  have  been  developed  to  image  pro¬ 
teolytic  activity.  Recent  interest  in  nanoparticle-based 
probes  to  quantify  in  vivo  proteolytic  activity  is  driven 
by  attempts  to  overcome  the  limitations  of  small  mol¬ 
ecule  probes,  which  tend  to  have  poor  pharmacokinet¬ 
ics,  high  background  noise  due  to  nonspecific  uptake 
by  tissues  and  relatively  poor  detection  limits  [26]. 
Nanoparticles  are  able  to  overcome  some  of  these  limi¬ 
tations  due  to  their  size  and  vast  surface  area,  which  is 
readily  functionalized  with  imaging  agents  for  molecu¬ 
lar  imaging,  cell  targeting  ligands  for  active  targeting 
of  the  tumor  site,  and  biocompatible  surface  coatings 
that  can  modulate  pharmacokinetics  and  biodistribu¬ 
tion  [27] .  Each  nanoparticle  has  the  potential  to  deliver 
numerous  imaging  agents,  which  enhances  sensitiv¬ 
ity  for  detection  of  the  targeted  molecular  event  [28]. 
Proper  sizing  of  nanoparticles  can  also  lead  to  prefer¬ 
ential  accumulation  at  tumor  sites  due  to  the  enhanced 
permeability  and  retention  effect  [10,29] .  Nanoparticles 
can  also  be  designed  to  change  size,  charge  and/or  sur¬ 
face  coating  in  response  to  environmental  cues  in  order 
to  optimize  transport  across  the  many  physiological 
barriers  encountered  in  vivo  [9] . 

The  various  types  of  probes  discussed  in  this  review 
are  summarized  in  Table  1.  This  discussion  is  focused 
on  nanoprobes  that  provide  the  potential  for  noninva- 
sive,  spatial  and  temporal  imaging  of  in  vivo  biological 
activity  in  tumor  microenvironments  [30] . 

Magnetic  resonance  imaging 

MRI  is  a  noninvasive  imaging  modality  that  provides 
high  spatial  resolution  and  deep-tissue  imaging  [32,48] . 
Hydrogen  protons,  which  are  most  frequently  imaged 
in  MRI  because  of  its  abundance,  are  normally  found 
in  the  body  with  their  spin  axes  randomly  aligned. 
When  exposed  to  a  strong  magnetic  field,  the  spin  axes 
of  protons  align  with  the  applied  field,  which  is  the 
low  energy  state  for  the  system.  This  alignment  is  then 
displaced  by  application  of  a  radiofrequency  pulse, 


which  excites  the  protons  to  a  higher  energy  level. 
Subsequent  relaxation  of  the  excited  nuclei  back  into 
alignment  with  the  applied  magnetic  field  is  character¬ 
ized  by  a  relaxation  time,  which  varies  based  on  tissue 
properties  and  is  the  means  for  discrimination  between 
healthy  and  malignant  tissues  [50,51].  Contrast  agents 
are  used  to  improve  the  sensitivity  and  contrast  of  MR 
images  by  shortening  either  the  Tx  (longitudinal)  or 
T2  (transverse)  relaxation  times.  Standard  MRI  con¬ 
trast  agents  used  in  the  clinic  are  gadolinium  chelates 
(T})  and  magnetic  nanoparticles  (T2)  [48].  Some  clinical 
success  has  been  achieved  with  magnetic  nanoparticles 
as  targetable  MRI  contrast  agents  [29] .  The  high  mag¬ 
netic  susceptibility  of  iron  oxide  cores  leads  to  notice¬ 
able  enhancement  of  transverse  (T2  and  T '*)  relaxivity, 
which  is  observed  as  a  darkening  of  T2-weighted  MR 
images  (hypointensity)  [52]. 

While  MRI  allows  for  whole-body  imaging  [32],  it 
generally  suffers  from  poor  sensitivity  for  measuring 
molecular  events  [53].  Since  magnetic  susceptibility 
and  r2- relaxivity  depend  on  particle  size,  the  growth 
of  single  iron  oxide  crystals  into  larger  aggregate  struc¬ 
tures  is  one  method  that  has  been  explored  to  enhance 
the  sensitivity  of  T2-weighted  MRI.  Growth  of  particle 
size,  however,  can  also  negatively  affect  the  pharmaco¬ 
kinetic  properties  and  biodistribution  of  the  particles. 
A  potential  strategy  to  overcome  this  problem  is  to 
design  particles  that  are  initially  stable  in  the  blood  but 
which  then  form  aggregates  in  response  to  proteolytic 
activity.  One  approach  utilizes  two  sets  of  complimen¬ 
tary,  colloidally  stable  superparamagnetic  iron  oxide 
nanoparticles  (SPIONs)  that  only  self-assemble  in 
response  to  proteolytic  cleavage,  as  depicted  in  Figure  1. 
To  accomplish  this,  Gallo  et  al.  designed  two  families 
of  SPIONs  that  undergo  a  bi-orthogonal,  copper-free 
click  conjugation  following  MMP  cleavage  [25].  The 
nanoparticles  were  tagged  with  cyclopentapeptide,  a 
C-X-C  chemokine  receptor  type  4  (CXCR4)  targeting 
ligand,  for  enhanced  targeting  of  metastatic  tumors, 
an  MMP  2/9  cleavable  peptide  (PLGMWSR),  PEG 
for  enhanced  in  vivo  stability,  and  either  azide  or 
alkyne  moieties.  The  particles  were  colloidally  stable 
in  the  absence  of  MMP  2/9,  but  proteolytic  cleavage 
exposed  the  alkyne  and  azide  moieties,  which  led  to 
a  [3+2]  cycloaddition  reaction  that  crosslinked  the 
particles  and  altered  magnetic  relaxivity.  Simultaneous 
administration  of  the  two  SPIONs  in  tumor-bearing 
mice  displayed  T2  signal  enhancement,  which  dropped 
significantly  with  inhibition  of  MMP. 

The  ability  to  simultaneously  monitor  the  activity 
of  multiple  molecular  targets  associated  with  a  given 
disease  has  tremendous  diagnostic  value.  Von  Malt- 
zahn  and  colleagues  developed  a  nanoprobe  capable 
of  simultaneously  monitoring  the  activity  of  two 
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Table  1.  Summary  of  nanoparticle-based  systems  for  imaging  in 

vivo  proteolytic  activity. 

Imaging  modality 

Target  proteases 

Nanoparticle  type 

Ref. 

MRI 

'H  MRI 

MMP-2,  -7,  -9  and  -14,  and  legumain 

SPION 

[25,31-34] 

19F  MRI 

Legumain 

19F  nanoparticles 

[35] 

Optical  imaging 

Prequenched  fluorophores 

MMP,  cathepsin  B,  caspase-3,  -8  and 
matriptase,  trypsin  and  uPA 

-9,  Ferritin  protein,  glycol  chitosan,  AuNP  [14,21,36-41] 

and  Au-Fe304  nanocomposites 

Bioluminescence 

Trypsin,  MMP-2  and  caspase-3 

Poly  (phenylene  ethynylene) 
nanoparticles,  AuNP  and  UCNPs 

[42-44] 

Theranostic  nanoparticles 

MMP 

AuNP  and  AuNR 

[45,46] 

Photoacoustic 

MMP 

Copper  sulfide 

[47] 

Secondary  Cerenkov-induced 
fluorescent  imaging 

MMP-2 

AuNP 

[23] 

Multimodal  imaging 

MRI/optical 

MMP 

SPIONs  and  Gadolinium-labeled 
dendrimeric  nanoparticles 

[12,23,48] 

PET/optical 

MMP 

64Cu-radiolabeled  glycol  chitosan 

[49] 

CT/optical 

MMP 

AuNP 

[24] 

AuNP:  Gold  nanoparticle;  AuNR:  Gold  nanorod;  MMP:  Matrix  metalloproteinase;  SPION: 
upconversion  nanoparticle;  uPA:  Urokinase-type  plasminogen  activator. 

Superparamagnetic  iron  oxide  nanoparticle;  UCNP: 

Lanthanide-doped 

matrix-metalloproteinases,  MMP-2  and  MMP-7  [31] . 
The  SPIONs  were  designed  to  aggregate  in  response  to 
logical  ‘AND’  or  ‘OR’  functions,  causing  an  amplifica¬ 
tion  of  the  T2  relaxation  rate  and  enabling  MRI-based 
detection.  In  the  AND  case,  two  sets  of  nanoparticles, 
one  with  an  MMP-2  specific  substrate  (GPLGVRG) 
and  biotin  and  the  other  with  an  MMP-7  substrate 
(VPLSLTM)  and  neutravidin,  self-assembled  by  bio- 
tin-neutravidin  interactions  only  if  both  enzymes  were 
present.  In  the  OR  case,  two  sets  of  nanoparticles,  one 
having  both  MMP  substrates  in  series  and  tethered 
with  biotin  while  the  other  nanoparticle  was  teth¬ 
ered  with  only  neutravidin,  would  self-assemble  in  the 
presence  of  either  one  or  both  proteases. 

A  significant  limitation  of  the  enzyme-activated 
MRI-nanoprobes  discussed  so  far  is  that  they  require 
separate  sets  of  SPIONs,  which  can  exhibit  different 
circulation  times  and  biodistribution  patterns  in  vivo. 
The  co-delivery  issue  can  be  eliminated  if  a  single 
nanoparticle  is  used.  Schellenberger  et  al.  designed 
protease-specific  iron  oxide  nanoparticles  (PSOP), 
which  upon  activation  by  MM  P-9,  switch  from  an 
electrostatically  stabilized,  low-relaxivity  stealth  state 
to  aggregating,  high-T2*  relaxivity  particles  [32].  Ini¬ 
tially,  peptides  comprising  an  arginine-rich  coupling 
domain  with  an  MMP-9-cleavable  domain  linked 
by  a  glycine  bridge  (NH2-GG77?Q/7^4G-K(FITC)- 
GGGG-RRRRR-G-RRRRR-amide)  were  reacted 
with  amine-reactive  A-hydroxysuccinimide-methyl- 


PEG  (NHS-mPEG).  The  resulting  positively  charged 
mPEG-peptide  was  electrostatically  adsorbed  onto  the 
surface  of  negatively  charged  citrate  iron  oxide  parti¬ 
cles  to  yield  PSOP.  Cleavage  of  the  peptide  by  MMP-9 
results  in  the  release  of  PEG  and  a  loss  of  steric  sta¬ 
bilization,  causing  aggregation  due  to  both  magnetic 
attraction  as  well  as  the  electrostatic  attraction  between 
the  positively  charged  arginine-rich  coupling  domain 
and  the  negatively  charged  citrate  coat,  as  shown  in 
Figure  2.  While  the  probes  discussed  so  far  perform 
well  in  an  in  vitro  setting,  their  in  vivo  application 
is  limited  by  our  inability  to  determine  whether  the 
increase  in  MRI  contrast  is  due  to  proteolytic  cleavage 
and  subsequent  aggregation  of  particles  or  if  it  is  simply 
due  to  increased  accumulation  of  particles  at  the  target 
site,  thus  complicating  quantitative  analysis. 

In  one  application,  activity  of  the  protease  legu- 
main  was  utilized  to  tag  tumor-associated  macro¬ 
phages  (TAM)  with  magnetic  nanoparticles.  Legu- 
main  is  a  lysosomal/vacuolar  cysteine  protease  that 
cleaves  substrates  at  the  C-terminal  of  asparagine, 
and  is  overexpressed  in  prostate,  breast  and  colon  can¬ 
cers  [54,55].  TAMs  overexpress  legumain  on  their  sur¬ 
face  and  play  an  important  role  in  the  progression  of 
certain  cancers  [56,57] .  Yan  et  al.  designed  a  Y-shaped 
legumain-targeting  peptide  (Y-Leg)  with  the  sequence 
AANLHK(HK)2  and  grafted  it  onto  oxidized  carbon 
nanotubes  (OCNTs)  loaded  with  Fe304  nanoparti¬ 
cles  for  in  vivo  targeting  and  MRI  of  TAMs  [33] .  T2- 
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Figure  1.  Two  sets  of  complimentary,  sterically  stabilized  iron  oxide 
nanoparticles  aggregate  (e.g.,  through  neutravidin/biotin  interactions) 
following  proteolytic  cleavage  of  peptide  substrate  and  removal 
of  polyethylene  glycol  (PEG).  Cluster  formation  enhances  magnetic 
susceptibility  and  r2  relaxivity  to  allow  MRI  detection  of  proteolytic 
activity. 

weighted  MRI  images  following  intravenous  adminis¬ 
tration  ofY-Leg-OCNT/Fe304  to  4T1  tumor-bearing 
mice  revealed  targeting  of  the  nanotubes  toward  the 
TAM-infiltrated  tumor  microenvironment.  On  the 
other  hand,  control  peptide-conjugated  nanotubes 
showed  no  significant  change  in  the  MRI  signal. 

Chemotherapeutics  are  hindered  by  undesired 
systemic  toxicity  to  healthy  tissues.  Ansari  and  col¬ 
leagues  developed  an  MMP-14  activatable  theranostic 
probe  (TNP)  based  on  US  FDA  approved  ferumoxy- 
tol  nanoparticles  conjugated  to  an  MMP-14  cleavable 
peptide  conjugate  of  azademethylcolchicine,  a  tumor 
vasculature-disrupting  agent,  for  tumor-selective  ther¬ 
apeutic  delivery  [34] .  The  probe  allowed  for  simultane¬ 
ous  MRI  imaging  of  TNP  tumor  accumulation  and 
protease-specific  drug  activation.  MRI  scans  following 
intravenous  injection  to  MMP-14  positive,  MMTV- 


PyMT  mammary  tumor-bearing  mice  indicated  sig¬ 
nificant  accumulation  of  the  theranostic  probe  at  the 
tumor  site,  and  a  significant  antitumor  effect  and 
tumor  necrosis,  with  no  detectable  toxicity  and  MRI 
signal  in  healthy  tissues.  It  is  important  to  note,  how¬ 
ever,  that  the  MRI  images  indicated  TNP  delivery  but 
not  drug  activation. 

Due  to  the  abundance  of  hydrogen  protons  and  the 
scarcity  of  intrinsic  19F  atoms  in  the  body,  19F  MRI 
provides  better  contrast-to-noise  ratio  than  !H  MRI. 
Yuan  et  al.  designed  a  19F  nanoparticle  contrast  agent 
which  self-assembles  intracellularly  in  the  presence  of 
glutathione  (GSH)  and  disassembles  in  the  presence  of 
legumain  [35].  The  ‘off’  and  on  19F  NMR/MRI  sig¬ 
nal  was  used  to  detect  legumain  activity  in  HEK  293T 
tumor-bearing  zebrafish,  which  showed  a  strong  signal 
compared  with  healthy  zebrafish. 

Optical  imaging 

Optical  imaging  detects  photons  emitted  by  fluores¬ 
cent  or  bioluminescent  contrast  agents,  and  can  simul¬ 
taneously  image  multiple  contrast  agents  depending 
on  their  excitation/emission  spectra.  Near  infrared 
fluorescence  (NIRF)  imaging  has  become  increasingly 
important  for  visualizing  important  in  vivo  processes 
occurring  at  the  cellular  and  molecular  levels  [58]. 
NIRF  offers  several  advantages  over  visible-range  opti¬ 
cal  imaging,  including  lower  light  scattering  and  lower 
absorption  by  endogenous  biomolecules  that  strongly 
absorb  visible  (e.g.,  hemoglobin)  and  infrared  light 
(e.g.,  water  and  lipids),  leading  to  deeper  tissue  pen¬ 
etration  [59,60].  The  specificity  of  NIRF  imaging  can 
be  substantially  improved  by  utilizing  fluorescently 
quenched,  peptide-based  activatable  probes.  These 
probes  emit  little  fluorescence  in  their  native  state, 
but  become  highly  fluorescent  in  the  presence  of  a  tar¬ 
get  proteases  [58].  The  quality  of  an  NIRF  probe  for 
imaging  of  in  vivo  proteolytic  activity  is  determined 
by  the  efficiency  of  its  quenching,  its  quantum  yield, 
the  target-to-background  ratio,  probe  targeting  and 
pharmacokinetics,  protease  specificity  and  the  probe’s 
photostability  in  physiological  conditions  [3,41].  The 
following  section  examines  the  various  strategies  to 
detect  proteolytic  activity  in  vivo  utilizing  optically 
active  nanoprobes. 

Prequenched  fluorophores 

The  majority  of  probes  developed  for  optical  imaging 
of  in  vivo  proteolytic  activity  utilize  one  or  more  fluo¬ 
rescence  quenching  effects  that  include  self-quench¬ 
ing,  fluorescence  resonance  energy  transfer  (FRET),  or 
energy  transfer  between  dye  and  nanoparticle  surface 
to  reduce  the  preactivation  fluorescence  signal.  Fluores¬ 
cence  is  recovered  following  release  of  the  quencher  or 
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dye  by  proteolytic  activity.  High  quenching  efficiency 
is  essential  for  an  effective  probe. 

FRET 

FRET  is  a  process  in  which  an  excited  fluorophore 
(donor)  transfers  its  excitation  energy  to  a  nearby 
chromophore  (acceptor).  The  efficiency  of  FRET  is 
strongly  affected  by  the  spectral  overlap,  dipole  orien¬ 
tations  and  distance  between  the  donor  and  acceptor. 
Separation  of  the  two  dyes  causes  a  detectable  change 
in  signal,  which  is  utilized  to  measure  proteolytic 
activity  [61].  Protease-activatable  probes  that  employ 
FRET  comprise  an  NIRF  dye  and  quencher  at  both 
ends  of  a  protease-specific  peptide.  Lin  et  al.  developed 
two  sets  of  ferritin  protein  cages,  one  with  a  fluores- 
cently  labeled  MMP-specific  peptide  sequence  (Cy5.5- 
GPLGVRGC)  and  another  with  black  hole  quencher 
(BHQ-3),  that  self-assemble  to  bring  the  energy  donor 
and  receptor  into  close  proximity  [14].  The  ratio  of 
donor  and  receptor  that  gave  the  highest  fold  increase 
in  fluorescence  following  incubation  with  MMP  was 
optimized  and  the  probe  validated  following  intratu- 
moral  injection  in  vivo  against  two  MMP-positive  cell 
lines,  UM-SCC-22B  and  SCC-7. 

Cathepsin  B  (CB),  which  normally  remains  in  the 
intracellular  lysosomal  compartments,  is  secreted  into 
the  pericellular  region  in  high  amounts  as  cells  gain 
metastatic  potential  [62].  Ryu  et  al.  developed  CB- 
activatable  fluorogenic  nanoprobes  for  early  detection 
of  metastases  [36].  The  nanoprobe  was  synthesized  by 
conjugating  a  CB -responsive  fluorogenic  peptide  sub¬ 
strate  (GRRGKGG),  which  included  a  donor  (Cy5.5) 
and  a  quencher  (BHQ-3),  onto  the  surface  of  tumor¬ 
targeting  glycol  chitosan  nanoparticles.  The  probe 
displayed  strong  specificity  to  CB,  compared  with 
cathepsin  L,  cathepsin  D  and  CB  plus  inhibitor,  and 
was  also  able  to  discriminate  metastases  in  liver,  lung 
and  peritoneal  metastatic  mouse  models. 

Simultaneous  imaging  of  multiple  proteolytic 
activities  has  the  potential  to  provide  a  more  com¬ 
plete  map  of  disease  progression.  Park  et  al.  developed 
various  caspase  substrate-linked  fluorescent  proteins 
immobilized  on  gold  nanoparticles  (AuNP-FPs)  for 
real-time  simultaneous  detection  of  multiple  caspase 
activities  in  cancer  cells  during  apoptosis  [37].  AuNP 
served  as  a  broad-spectrum  fluorescence  quencher.  As 
shown  in  Figure  3,  AuNP-FPs  were  designed  to  release 
blue-,  red-  and  yellow-fluorescent  protein  following 
activation  by  caspase-8  (IETD),  caspase-9  (LEHD) 
and  caspase-3  (DEVD),  respectively,  where  the  pep¬ 
tide  sequence  in  brackets  indicates  the  caspase  cleav¬ 
age  site.  While  this  is  a  promising  approach  to  quan¬ 
tify  multiple  proteases,  only  in  vitro  results  have  been 
presented  to  date. 


Particles  aggregate 


Figure  2.  Sterically  stabilized  protease-specific  iron  oxide  nanoparticles 
release  peptide-mPEG  in  the  presence  of  MMP-9,  resulting  in  a  loss  of 
steric  stabilization  and  enabling  aggregation  due  to  both  magnetic 
attraction  as  well  as  electrostatic  attraction  between  the  positively 
charged  arginine-rich  coupling  domain  and  the  negatively  charged 
citrate  coat. 

Reproduced  with  permission  from  [32]. 
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Quenching  by  gold  nanoparticles 

Strong  electronic  interactions  with  chromophores  near 
the  surface  make  gold  nanoparticles  (AuNPs)  very 
efficient  quenchers  of  molecular  excitation  energy  [63] , 
with  larger  quenching  distances  (~20  nm)  compared 
with  FRET  [39] .  Deng  et  al.  developed  spherical  and 
rod-shaped  AuNPs  for  detection  of  in  vivo  matrip¬ 
tase,  a  type  II  transmembrane  epithelial  serine  pro¬ 
tease  which  activates  several  proenzymes  including 
urokinase  plasminogen  activator  (uPA)  and  MMPs 
associated  with  several  cancers  [38].  The  expres¬ 
sion  of  matriptase  is  known  to  correlate  with  tumor 
staging,  making  it  an  excellent  target  for  molecular 
imaging.  The  molecular  beacon  comprised  a  fluo¬ 
rescent  dye  attached  to  AuNPs  through  a  matriptase 
cleavable  peptide  substrate  linker  (GRQSRAGC). 
NIRF  images  of  mice  bearing  matriptase-expressing 
HT-29  tumor  xenografts  showed  enhanced  fluores¬ 
cence  recovery  following  intratumoral  injection  of  the 
molecular  beacon. 

The  success  of  AuNPs  that  rely  on  the  thiol-gold 
chemistry  is  hampered  in  an  in  vivo  setting,  due  to 
off-target  site  activation  in  the  thiol-rich  blood.  To 
overcome  this  limitation,  flower-like  Au-Fe304  nano¬ 
composites  with  a  single  Au  core  and  several  Fe304 
petals,  were  developed  as  an  MMP  activatable  fluores¬ 
cence  imaging  probe  [39].  The  nanocomposite  sensor, 
which  can  be  tuned  for  shape,  size  and  composition, 
combines  the  robust  surface  chemistry  of  Fe304  for 
conjugation  of  an  MMP-specific  peptide-dye  (Cy5.5- 
GPLGVRG),  with  the  excellent  quenching  properties 
of  nearby  Au.  The  flower-like  shape  of  Au-Fe304  cre¬ 
ates  an  architecture  whereby  the  fluorophores  on  the 
Fe304  petals  are  in  close  proximity  to  the  Au  core  for 
efficient  quenching.  Separate  groups  of  SCC-7  xeno¬ 
graft  tumor-bearing  mice  received  injections  of  flower¬ 
like  activatable  nanoparticles  (FANPs),  with  and 
without  preinjection  of  MMP  inhibitor,  or  gold-based 
activatable  nanoparticles  (GANPs).  NIRF  images 
for  the  FANP  group  showed  high  signal  at  the  tumor 
site  after  30  min,  which  increased  gradually  up  to  4  h 
postinjection.  Preinjection  of  an  MMP  inhibitor  sig¬ 
nificantly  reduced  the  observed  signal.  Meanwhile,  the 
GANP  control  group  showed  a  weak  optical  signal  in 
the  tumor  after  4  h  (Figure  4). 

Combination  of  different  quenching  mechanisms 

The  efficiency  of  quenching  is  enhanced  by  combining 
different  quenching  mechanisms  into  a  single  probe.  In 
one  example,  self-quenching  and  FRET  were  combined 
in  an  MMP-responsive  nanosensor  for  NIRF  imaging  of 
MMP  [21] .  The  nanosensor  comprised  a  self- assembled 
chitosan  nanoparticle  and  an  activatable  MMP-specific 
peptide  sequence  with  the  NIRF  dye  Cy5.5  and  dark 


quencher  BHQ3  (Cy5.5-GPFGVRGK(BHQ3)-GG) 
to  create  a  FRET  pair.  NIRF  of  Cy5.5  was  quenched  by 
both  the  interaction  of  the  dye  with  BHQ-3  and  dye- 
dye  self-quenching  mechanism.  High  recovery  of  Cy5.5 
fluorescence  signal  was  observed  in  vivo ,  as  evidenced 
by  fluorescence  tomography  following  intravenous 
administration  of  the  nanosensor  in  an  MMP-positive 
SCC-7  xenograft  tumor  and  correlated  with  levels  of 
active  MMPs.  Meanwhile,  the  signal  was  attenuated 
when  animals  were  pretreated  with  an  MMP-inhibitor. 
To  determine  response  to  tumor  size,  the  nanosensor 
was  intravenously  injected  into  mice  carrying  SCC-7 
tumors  of  varying  sizes,  between  3.5  and  381.5  mg. 
After  2  h,  the  animals  were  euthanized  and  the  excised 
tumors  analyzed  by  measuring  fluorescence  intensity, 
which  was  found  to  increase  proportionally  with  tumor 
size  (Figure  5A).  MMP-2/9  activities  were  also  quanti¬ 
fied  using  gelatin  zymography,  and  correlated  strongly 
with  the  NIRF  signal  intensity  (Figure  5 B). 

Fee  and  colleagues  developed  an  MMP  protease- 
sensitive  probe  with  AuNPs  and  Cy5.5  linked  together 
through  an  MMP-cleavable  peptide  substrate  (Cy5.5- 
GPFGVRGC-amide)  [40].  The  combination  of  AuNP 
surface  and  close  proximity  of  Cy5.5  induced  a  strong 
multi-quenching  effect  on  the  fluorescence  of  Cy5.5. 
Upon  exposure  to  MMPs,  the  peptide  was  cleaved, 
releasing  free  Cy5.5  and  recovering  the  NIRF  signal, 
as  shown  in  Figure  6. 

In  another  example,  self-assembled  heterogeneous 
monolayers  of  fluorophore  (Quasar  670)  and  dark 
quencher  (BHQ-2)  -labeled  peptide  were  adsorbed  onto 
20  nm  AuNPs  as  an  activatable  probe  for  the  detection 
of  trypsin  and  uPA  [41].  Fluorescence,  attenuated  due 
to  self-quenching  and  FRET  between  Quasar  670  and 
BHQ-2,  is  restored  following  proteolytic  cleavage.  The 
probe  displayed  high  fluorescence  image  contrast  in  a 
subcutaneous  tumor  phantom  model  in  athymic  nude 
mice. 

Bioluminescence 

A  luminescence  ‘turn  ON’- ’turn  OFF’  system  based  on 
protease-responsive  organic  nanoparticles  was  devel¬ 
oped  and  comprised  a  tightly  packed,  semiconducting 
poly  (phenylene  ethynylene)  (PPE)  core  bearing  pen- 
tiptycene  units  and  randomly  inserted  far  red  emissive 
dye  (perylene)  [42].  The  probe  also  had  an  external, 
hydrophilic  hydrogel  coating  with  reactive  succinimide 
groups.  Aggregation  induced  quenching  by  tuning  of 
the  ^-associations  in  the  PPE  core  was  accomplished  by 
reacting  the  succinimide  groups  with  a  protease-sensi¬ 
tive  peptide  (KCRPFAFWRSK),  which  leads  to  cross- 
linking  of  the  shells  of  the  nanoparticles  (strained  OFF 
state).  Quenched  luminescence  was  recovered  upon 
exposure  to  the  protease  trypsin,  which  leads  to  highly 
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fluorescent  noncrosslinked  nanoparticles  (ON  state) 
with  a  15 -fold  increase  in  luminescence. 

Bioluminescence  resonance  energy  transfer  (BRET) 
offers  several  advantages  over  FRET-based  systems, 
including  larger  differences  in  the  emission  spectra 
between  the  BRET  donor  and  acceptor,  high  sensitiv¬ 
ity  and  low  background  emissions.  Kim  et  al.  utilized 
the  strong  quenching  properties  of  AuNPs  (BRET 
acceptor)  to  silence  the  bioluminescence  emission 
of  Renilla  luciferase  [43].  Bioluminescence  was  recov¬ 
ered  in  vitro  following  1-h  incubation  with  MMP-2 
and  subsequent  cleavage  of  an  MMP-2  peptide  linker 
substrate  (IPVSLRSG). 

Lanthanide-doped  upconversion  nanoparticles 
(UCNPs)  can  sequentially  absorb  multiple  low-energy 
excitation  photons  to  generate  higher  energy  anti- 
Stokes  luminescence  [64].  UCNPs  offer  strong  photo¬ 
stability,  large  anti-Stokes  shifts  and  sharp  emission 
bandwidths.  Zeng  et  al.  developed  biostable  lumi¬ 
nescence  resonance  energy  transfer  (LRET)  based 
UCNPs  through  facile  peptide-mediated  phase  trans¬ 
fer  to  image  proteolytic  activity  [44] .  Oleic  acid  on  the 
surface  of  UCNPs  was  displaced  by  chimeric  peptides 
containing  a  polyhistidine-tag  and  a  caspase-3  cleav¬ 
age  domain  (DEVD).  (H)6-GDEVDAK-TAMRA  - 
coated,  capase-3  responsive  UCNPs  were  used  to  mon¬ 
itor  the  therapeutic  efficacy  of  doxorubicin  in  a  tumor 
mouse  model.  The  upconversion  luminescence  (UCL) 
signal,  which  was  collected  between  450  and  600  nm 
(under  980  nm  excitation),  gradually  increased  the 
expression  of  light  over  a  period  of  12  h  in  DOX-treated 
tumors,  as  opposed  to  saline-treated  tumors. 


for  space,  which  can  lead  to  a  less  than  optimal  sur¬ 
face  density  and  reduced  imaging  and  therapeutic 
efficacy.  Moreover,  drug  incorporation  adds  to  the 
cost  and  difficulty  of  synthesis  and  purification  [65]. 
One  alternative  is  to  take  advantage  of  the  intrin¬ 
sic  therapeutic  ability  of  several  types  of  nanopar¬ 
ticles  [46].  The  efficient  absorption  of  light  by  gold 
nanorods  (AuNR)  and  the  subsequent  conversion 
of  that  energy  to  heat  make  these  particles  good 
candidates  for  photothermal  therapy  [69].  Yi  et  al. 
developed  a  theranostic  probe  based  on  MMP-sen- 
sitive  gold  nanorods  (MMP-AuNR)  for  simultane¬ 
ous  cancer  imaging  and  photothermal  therapy,  as 
shown  in  Figure  7  A  [46].  A  Cy5.5-labeled  MMP  sub¬ 
strate  (Cy5.5-GPLGVRGC)  was  conjugated  onto 
the  surface  of  AuNR,  which  quenched  NIRF.  NIRF 
tomographic  images  of  SCC-7  tumor-bearing  mice 
after  intratumoral  injection  of  MMP-AuNR  with 
and  without  inhibitor  were  taken  and  significantly 
greater  NIRF  signal  was  observed  in  the  case  when 
no  inhibitor  was  added  (Figure  7B).  Additionally,  fol¬ 
lowing  laser  irradiation,  the  temperature  of  MMP- 
AuNR  injected  tumors  increased  up  to  45°  after  4  min 
(Figure  7C),  which  is  sufficient  to  damage  cancer  cells, 
and  coincided  with  in  vitro  results. 

Photoacoustic  imaging 

Photoacoustic  imaging  (PAI)  is  an  emerging  technol¬ 
ogy  that  has  the  ability  to  provide  structural,  functional 
and  molecular  information  of  target  tissues.  PAI  was 
developed  as  a  means  to  overcome  the  scatter  of  signal 
from  a  source  within  an  animal  [70],  a  problem  that 


Theranostic  nanoparticles  in  optical  imaging 

Multifunctional  nanoplatforms  that  integrate  in  vivo 
imaging  and  drug  delivery  into  a  single  theranostic 
nanoparticle  (TNP)  enable  simultaneous  visualiza¬ 
tion  of  probe  biodistribution,  therapy  and  response 
to  treatment  [65].  Prodrugs,  which  exploit  the  unique 
characteristics  of  the  tumor  microenvironment  such 
as  overexpressed  proteolytic  activity  or  pH,  could  be 
delivered  for  selective  treatment  of  cancer  cells  while 
minimizing  off-target  toxicity  [66,67].  The  addition  of 
imaging  capability  enables  direct  monitoring  of  the 
delivery  and  activation  of  the  prodrug  in  the  tumor 
microenvironment  [68].  In  one  example,  doxorubicin 
(Dox)  was  conjugated  to  AuNPs  via  an  MMP-2  cleav- 
able  peptide  substrate  (CPLGLAGG)  [45].  Fluorescence 
of  Dox  was  quenched  by  AuNPs,  and  recovered  follow¬ 
ing  exposure  to  MMP-2.  This  switchable  fluorescence 
property  allowed  for  imaging  of  the  activity  of  MMP-2 
in  tumor  sites  in  vivo. 

One  disadvantage  of  incorporating  both  drugs  and 
imaging  agents  on  a  nanoparticle  is  the  competition 


Figure  3.  Fluorescent  protein-conjugated  gold  nanoquenchers  (AuNP- 
FPs)  for  simultaneous  imaging  of  multiple  caspase  activities  involved  in 
apoptosis.  AuNP-FPs  were  designed  to  release  blue-,  red-  and  yellow- 
fluorescent  protein  following  activation  by  caspase-8,  caspase-9  and 
caspase-3,  respectively. 

Reproduced  with  permission  from  [37]. 
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Figure  4.  NIRF  images  following  injection  of  flower-like  activatable 
nanoparticles  (FANPs),  FANPs  plus  MMP  inhibitor,  or  gold-based 
activatable  nanoparticles  (GANPs).  The  additional  iron  oxide  phase 
incorporated  into  composite  FANPs  allowed  higher  loading  of  MMP- 
specific  peptide-dye  and  better  quenching  properties,  which  resulted  in 
higher  NIRF  signal  in  the  tumor  site. 

Reproduced  with  permission  from  [39]. 


dramatically  reduces  the  resolution  of  optical  imag¬ 
ing  modalities.  In  general,  PAI  uses  a  focused  excita¬ 
tion  pulse  to  provide  energy  to  target  probes  and  cause 
them  to  enter  the  excited  state.  In  doing  so,  the  probes 
or  endogenous  molecules  in  tissue  (e.g.,  hemoglobin) 
release  a  heat  signature  in  the  form  of  thermal  expan¬ 
sion  that  results  in  an  acoustic  wave,  which  is  detected 
by  transducers  and  assembled  by  image  reconstruction 
analysis  [71]. 

Recently  Yang  and  colleagues  developed  an  activat¬ 
able  photoacoustic  (PA)  nanoprobe  which  comprised 
BHQ3  conjugated  to  20  nm  copper  sulfide  (CuS) 
nanoparticles  via  an  MMP-cleavable  peptide  substrate 
(GPLGVRGKGG)  [47].  The  resulting  CuS-peptide- 
BHQ3  (CPQ)  probe  displayed  strong  PA  signals  at  680 
nm  and  930  nm  due  to  the  strong  optical  absorbance 
of  BHQ3  and  CuS  nanoparticles,  respectively,  which 
was  used  to  distinguish  the  two  components.  It  was 
hypothesized  that  MMP  activity  would  disassociate 
BHQ3  from  the  CuS  nanoparticles  and  lead  to  their 
rapid  clearance  from  the  tumor,  due  to  their  small  size, 
while  the  larger  CuS  nanoparticles  are  retained.  CPQ 
was  intratumorally  injected  into  mice  bearing  SCC7 
tumors  with  and  without  MMP  inhibitor.  Ratiometric 
analysis  of  the  PA  signals  (680/930  nm)  showed  MMP 
activity  in  the  tumor;  decreasing  after  2  h  in  the  case 
with  no  inhibitor,  but  remaining  almost  uniform  when 
an  MMP  inhibitor  was  preinjected. 


Other 

NIRF  signals  obtained  from  in  vivo  lesions  are  a  func¬ 
tion  of  the  intensity  of  incident  light  and  the  size  and 
depth,  from  the  surface,  of  the  lesion.  The  observed 
signal  will  also  depend  on  the  proteolytic  activity  pres¬ 
ent  in  the  lesion  and  the  concentration  of  nanoprobe 
delivered,  which  complicates  any  attempt  to  quantify 
proteolytic  activity  in  vivo  [72] .  A  solution  proposed  by 
Scherer  utilized  a  dual  fluorochrome  probe,  in  which 
polyamidoamine  PAM  AM- Generation  4  dendrimers 
were  coupled  to  a  Cy5.5  fluorophore-labeled,  MMP7- 
cleavable  peptide  (RPLALWRS),  to  detect  proteoly¬ 
sis  (S,  sensor)  and  AF750  as  a  noncleavable  internal 
reference  fluorophore,  to  monitor  the  total  concentra¬ 
tion  (cleaved  and  uncleaved)  of  the  reagent  (R,  refer¬ 
ence),  hence  facilitating  quantitative  analysis  [22].  The 
dye  AF750  was  also  used  as  a  quencher  and  its  signal 
used  to  evaluate  pharmacokinetics.  The  sensitivity  of 
the  probe  was  evaluated  with  two  subcutaneous  xeno- 
grafted  tumors  on  either  flank  of  athymic  nude  mice 
that  only  differed  in  the  expression  of  MMP7.  Effec¬ 
tive  cleavage  of  Cy5.5  fluorophore  in  the  tumor  was 
calculated  by  dividing  the  sensor  signal  by  that  of  the 
internal  reference  (S/R),  a  ratio  that  corrects  for  differ¬ 
ences  in  the  lesion  size  and  depth.  S/R  increased  over 
time  and  was  consistently  greater  in  MMP7  expressing 
tumors  compared  with  control  tumor. 

Many  of  the  probes  discussed  so  far  require  post¬ 
synthesis  modification,  which  causes  variability  in 
surface  charge,  payload  and  other  characteristics. 
A  controllable  on-chip  preparation  of  nanoprobe 
involved  cadmium  selenide  quantum  dot  (CdSe  QD) 
payload  embedded  into  the  hydrogel-like  interior  of 
MMP-responsive  supramolecular  gelatin  nanoparticles 
(SGNs)  to  produce  CdSe  QDs  encapsulated  SGNs  [73]. 
Self-assembly  was  done  on  a  microfluidic  device  with 
hydrodynamic  flow  focusing,  and  the  physiochemi- 
cal  properties  were  precisely  controlled  by  changing 
the  flow  rates  of  the  fluids.  Degradation  of  the  gelatin 
corona,  upon  exposure  to  MMP  in  the  tumor,  releases 
the  QDs  which  can  be  subsequently  internalized  by 
cancer  cells.  In  vitro  cellular  uptake  by  MMP  secreting 
HT1080  cells  was  observed  while  addition  of  an  MMP 
inhibitor  decreased  the  fluorescence  signal. 

Thorek  et  al.  utilized  energy  transfer  between 
Cerenkov  luminescence-emitting  radionuclide  and 
an  activatable  fluorescent  AuNP  probe  for  low  back¬ 
ground,  secondary  Cerenkov-induced  fluorescent 
imaging  (SCIFI)  of  MMP-2  activity  [23].  The  platform 
comprised  FAM-labeled,  MMP-2  cleavable  peptide 
(IPVSLRSG)  conjugated  to  AuNP,  which  quenched 
FAM  fluorescence.  Mice  bearing  SCC-7  xenografts 
were  co-injected  with  [18F]-FDG  radionuclides  and 
activatable  AuNP.  Cleavage  of  the  peptide  by  MMP-2 
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at  the  tumor  site  releases  the  fluorophore,  which  is 
then  excited  by  nearby  [18F]-FDG,  leading  to  sec¬ 
ondary  Cerenkov-induced  fluorescent  conversion  and 
detection  by  SCIFI. 

Multimodal  imaging 

A  growing  trend  in  disease  diagnosis  is  to  synergistically 
combine  several  complimentary  imaging  modalities 
into  a  single  platform,  thus  overcoming  their  individual 
limitations  [24] .  This  has  the  potential  to  provide  more 
complete  information  on  disease  pathology.  Much 
research  effort  has  been  dedicated  toward  combining 
nanotechnology  and  molecular  imaging  to  obtain  a 
new  generation  of  multimodal  imaging  nanoparticles. 
This  section  will  look  at  the  various  multimodal, 
nanoparticle-based  imaging  probes  developed  thus  far 
for  imaging  proteolytic  activity  in  vivo. 

MRI/optical 

MRI  provides  excellent  anatomical  information  and 
great  tissue  penetration  but  it  has  limited  sensitiv¬ 
ity,  which  hampers  imaging  of  molecular  events  [53]. 
Optical  imaging,  on  the  other  hand,  provides  excel¬ 
lent  molecular  imaging  but  weak  anatomical  informa¬ 
tion  and  limited  tissue  penetration  [48,74] .  Nanoprobes 
that  can  be  imaged  by  both  of  these  modalities  could 
potentially  provide  excellent  anatomical  and  molecular 
information.  Iron  oxide  nanoparticles,  which  quench 
fluorescence,  were  fabricated  with  a  thin  silica  coating 
(PCM-CS)  that  contained  a  Cy5.5-MMP  substrate 
(Cy5.5-GPLGVRG)  for  MRI/NIRF  dual  imaging, 
with  molecular  (MMP)  activity  determined  through 
optical  imaging  and  anatomical  information  through 
MRI  [53].  PCM-CS  successfully  visualized  the  tumor 


regions  in  SC77  tumor-bearing  xenografted  mice  using 
both  imaging  modalities.  No  NIRF  signal  was  detect¬ 
able  in  normal  mice,  whereas  signal  increased  gradually 
in  tumor-bearing  mice  up  to  12  h,  with  NIRF  inten¬ 
sity  three-  to  four-times  higher  than  in  normal  tissue. 
Administration  of  MMP-2  inhibitor  30  min  before 
injection  of  PCM-CS  significantly  reduced  NIRF  sig¬ 
nal.  Noticeable  darkening  in  T2-weighted  MRI  images 
appeared  at  6-h  postinjection  in  the  tumor  region  as 
compared  with  the  healthy  muscle  regions  in  the  mice. 
While  the  decrease  in  MRI  signal  hit  a  maximum  at 
12  h,  similar  to  the  trend  exhibited  in  the  NIRF  images, 
it  should  be  noted  that  MRI  and  optical  imaging  were 
conducted  on  different  mice. 

Harris  etal.  developed  a  strategy  for  reversibly  veiling 
a  cell  internalization  domain  on  magnetofluorescent, 
dextran-coated  iron  oxide  nanoparticles  by  shielding 
it  with  sterically  protective,  MMP-2  cleavable  PEG 
(PEG-GK(TAMRA)  GPLGVRGC)  [12].  FITC  was 
used  to  label  the  cell  internalizing  domain  and  thus 
track  cellular  internalization,  while  TAMRA-labeled 
peptide-PEG  was  used  to  measure  MMP  activity.  Fol¬ 
lowing  administration  to  mice  via  tail-vein  injection, 
unveiled  controls  cleared  eight-times  faster  than  veiled 
particles  from  the  blood,  and  fluorescence  molecular 
tomography  and  MRI  showed  that  veiled  particles 
accumulated  to  a  greater  extent  in  tumor  xenografts. 

A  different  shielding  strategy  was  developed  by 
Olson  et  al. ,  who  instead  of  using  PEG  chains,  used 
MMP  cleavable  polyanionic  peptides  to  electrostati¬ 
cally  neutralize  short,  cell-penetrating  polycationic 
domains  on  the  surface  of  dendrimeric  nanopar¬ 
ticles  [48].  Following  cleavage  of  the  cleavable  linker 
(PLGCAG)  by  MMP,  the  polyanionic  domain  departs 


Figure  5.  To  distinguish  different  stages  of  tumors  in  vivo,  a  fluorescently  quenched,  peptide-based  activatable 
nanosensor  was  intravenously  injected  into  mice  carrying  MMP  secreting  SCC-7  tumors  of  varying  sizes.  (A)  NIRF 
images  of  differently  sized  excised  tumor  tissues  (3.5,  66.8,  172.0  and  381.5  mg),  with  overall  signal  increasing  with 
tumor  size.  (B)  Total  fluorescent  intensity  (tumor  grade)  increased  proportionally  to  MMP  2/9  activity,  as  measured 
by  gelatin  zymography. 

Reproduced  with  permission  from  [21]. 
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Figure  6.  (A)  A  series  of  NIRF  tomographic  images  of  normal  and  SCC-7  tumor-bearing  athymic  nude  mice  after 
intratumoral  injection  of  an  MMP-sensitive  gold  nanoprobe  (AuNP),  with  and  without  inhibitor.  Clear  visualization 
of  MMP-2  activity  was  evident  in  tumor  bearing  mice.  Signal  diminished  significantly  in  normal  mice  and  in  MMP- 
2  inhibitor-treated  tumor-bearing  mice.  (B)  Ex  vivo  validation:  NIRF  signals  of  excised  tumors  were  significantly 
higher  (upper  image)  compared  with  inhibitor-treated  tumors  (lower  image). 

Reproduced  with  permission  from  [40]. 


from  the  polycation  and  associated  nanoparticle, 
which  are  then  able  to  penetrate  cells  in  the  immedi¬ 
ate  vicinity  of  the  protease.  Tracking  of  nanoparticle 
uptake  in  tumor-bearing  mice  by  optical  imaging  and 
^-weighted  MRI  was  possible  by  labeling  the  cell-pen¬ 
etrating  peptide  with  Cy5,  gadolinium  (Gd)  or  both. 
Residual  tumor  and  metastasis  as  small  as  200  pm 
was  detected  with  optical  imaging,  while  GD-labeled 
nanoparticles  deposited  30-50  pM  of  Gd  in  tumor 
parenchyma,  which  resulted  in  significant  Tx  contrast 
that  persisted  for  2-3  days  after  injection. 

PET/optical 

PET  provides  tomographic  images  with  excellent  sensi¬ 
tivity  and  information  on  metabolic  activities  [49] .  PET, 
unlike  optical  imaging,  is  limited  in  its  ability  to  pro¬ 
vide  molecular  information  on  proteolytic  activity.  As 
a  result,  combining  PET  imaging  with  optical  imag¬ 
ing  can  provide  vital  information  on  tumor-targeting 
efficacy  and  proteolytic  activity.  Lee  and  co-workers 
prepared  a  PET/optical  imaging  probe  by  conjugat¬ 
ing  64Cu  radiolabeled  DOTA  complex  and  activatable 
MMP-sensitive  probe  onto  azide-functionalized  glycol 
chitosan  nanoparticles  via  copper-free  click  chem¬ 
istry  [49].  The  64Cu-radiolabeled  DOTA  was  used  as 


an  ‘always  on’  PET  imaging  agent,  while  the  MMP- 
sensitive  probe  (Cy5.5-GPLGVRGK(BHQ-3)GG) 
was  used  as  an  ‘activatable’  optical  imaging  agent.  The 
activity  of  MMP  and  the  biodistribution  of  the  probe 
following  intravenous  injection  were  successfully  mea¬ 
sured  in  tumor  bearing  mice  by  both  NIRF  and  PET 
NIRF  signal  could  be  detected  in  the  tumor  region  1  h 
after  injection  and  kept  increasing  until  it  reached  a 
maximum  value  after  6  h.  Meanwhile,  administration 
of  an  MMP  inhibitor  significantly  reduced  the  NIRF 
signal.  PET  imaging  enabled  in  vivo  real-time  visual¬ 
ization  of  tumor  accumulation  and  biodistribution  of 
the  probe.  Tumor  accumulation  continued  to  increase 
until  it  reached  a  plateau  24-h  postinjection. 

CT/optical 

Combining  both  CT  and  NIRF  functionalities  onto 
the  same  probe  enables  simultaneous  gathering  of 
CT  anatomical  images  with  high  spatial  resolution 
and  optical  images  with  high  sensitivity  [75].  It  is 
also  a  cheaper  alternative  to  MRI  fluorescence  multi¬ 
modal  imaging  [58].  Sun  et  al.  developed  a  CT/optical 
imaging  agent  based  on  X-ray  absorption  and  optical 
quenching  properties  of  AuNPs  [24].  To  increase  the 
physiological  stability  of  AuNPs,  they  modified  the 
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surface  with  biocompatible  glycol  chitosan  (GC)  poly¬ 
mers  (GC-AuNPs).  For  fluorescence  optical  imaging 
of  MMP  activity,  an  MMP-specific  activatable  peptide 
probe  (Cy5.5-GPLGVAGL-BHQ3)  was  conjugated 
to  GC-AuNPs  (MMP-GC-AuNPs),  which  resulted 
in  combinatorial  quenching  effect  of  NIRF  of  Cy5.5 
by  the  black  hole  quencher  (BHQ-3)  and  AuNP  sur¬ 
face.  In  vivo  dual  CT/optical  imaging  studies  were  per¬ 
formed  with  HT-29  tumor  bearing  mice  to  confirm  the 
specific  accumulation  and  MMP-responsive  behavior 
of  MMP-GC-AuNPs.  CT  images  provided  anatomical 
information  of  the  tumor  (Figure  8A),  while  the  NIRF 
signal  was  detected  in  the  tumor  region  1  h  after  injec¬ 
tion,  and  increased  gradually  until  reaching  a  maxi¬ 
mum  value  after  4  h.  Meanwhile,  administration  of  an 
MMP  inhibitor  intratumorally  30  min  before  injection 
significantly  reduced  the  NIRF  signal  (Figure  8B). 

Conclusion  &  future  perspective 

Genomics  and  proteomics  have  provided  tremendous 
insight  into  the  genetic,  biochemical  and  cellular 
abnormalities  that  occur  during  cancer  pathogen¬ 
esis  [4].  With  this  greater  understanding,  imaging  of 


in  vivo  proteolytic  activity  provides  the  potential  for 
early  detection  and  staging  of  cancer.  It  is  especially 
advantageous  due  to  the  catalytic  nature  of  proteases, 
which  allows  for  signal  amplification  and  for  the  design 
of  activatable  probes  with  minimal  background  noise 
and  enhanced  contrast.  To  be  effective,  the  imaging 
probe  must  display  excellent  pharmacokinetic  proper¬ 
ties,  minimal  toxicity,  specific  tumor  targeting  capabil¬ 
ity,  specificity  and  selectivity  to  a  target  protease,  and 
high  signal-to-noise  ratio. 

Nanoparticles  possess  unique  physical  and  chemical 
properties  that  can  be  varied  for  optimal  tumor  target¬ 
ing  and  recognition  of  proteolytic  activity.  While  small 
molecule  probes  may  be  optimum  for  some  applica¬ 
tions,  nanoprobes  do  offer  some  advantages  over  small 
molecule  based  systems.  Small  molecule-based  probes 
tend  to  be  unstable  and  distribute  nonspecifically  into 
tissue,  yielding  a  high  background  noise.  On  the  other 
hand,  nanoparticles,  with  a  high  surface  area  to  vol¬ 
ume  ratio,  enable  the  incorporation  of  large  peptide- 
dye  payloads,  which  leads  to  enhanced  target  selectiv¬ 
ity,  increased  sensitivity  through  signal  amplification, 
and  the  potential  for  multimodal  imaging  of  proteo- 


Figure  7.  (A)  Schematic  of  a  theranostic  probe  based  on  MMP-sensitive  gold  nanorods  (MMP-AuNR)  for 
simultaneous  cancer  imaging  and  photothermal  therapy.  (B)  NIRF  tomographic  images  of  SCC-7  tumor-bearing 
mice  following  intratumoral  injection  of  MMP-AuNR  without  (1)  and  with  (2)  inhibitor  were  taken,  showing  a 
significantly  enhanced  NIRF  signal  in  the  tumor  with  no  inhibitor  added,  compared  with  that  treated  with  an 
inhibitor.  (C)  The  hyperthermal  therapeutic  potential  of  MMP-AuNR  was  visualized  through  infrared  thermal 
images  of  tumor-bearing  mice  and  measured  with  a  hypodermic  thermocouple.  Laser  irradiation  at  various  times 
was  done  after  intratumoral  injection  of  MMP-AuNR.  The  temperature  increased  up  to  45°  after  4  min  of  laser 
irradiation. 

Reproduced  with  permission  from  [46]. 
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Figure  8.  The  potential  of  MMP-GC-AuNP  as  an  in  vivo  CT/optical  dual 
imaging  agent  was  evaluated  following  intravenous  injection  of  the  probe 
into  MMP-2  positive,  HT-29  tumor-bearing  mice.  CT  images  confirmed  the 
tumor-targeting  efficacy  of  the  probe,  while  the  NIRF  images  confirmed  its 
MMP-2-responsive. 

Reproduced  with  permission  from  [24]. 


lytic  activity,  not  possible  with  small  molecule  systems. 
Moreover,  nanoparticles  can  also  offer  multifunction¬ 
ality  through  their  inherent  unique  optical,  magnetic 
and  therapeutic  properties.  However,  while  incorpo¬ 
rating  surface  coatings,  targeting  ligands,  imaging 
agents  and  therapeutics  can  yield  desirable  properties 
for  diagnosis  and  therapy,  the  additional  complexity 
could  introduce  challenges  to  large-scale  production 
and  batch-to-batch  reproducibility  -  potentially  ham¬ 
pering  clinical  translation  and  commercialization.  This 
is  a  significant  problem  that  hinders  the  production  of 
nanoprobes,  as  opposed  to  small  molecule  imaging  sys¬ 
tems.  Also,  since  even  small  changes  in  any  one  of  the 
physiochemical  properties  (e.g.,  size,  surface  chemis¬ 
try,  etc.)  tend  to  affect  the  pharmacokinetics,  biodis¬ 
tribution  and  toxicity  of  nanoprobes,  these  systems  are 
inherently  difficult  to  optimize  due  to  the  large  param¬ 
eter  space.  However,  given  their  enormous  potential  in 
both  diagnosis  and  therapy,  significant  effort  in  their 
development  continues. 

Several  biological,  physical  and  regulatory  barri¬ 
ers  must  be  overcome  prior  to  clinical  translation  and 
commercialization  of  nanoparticle-based  proteolytic 
imaging  probes.  Unfortunately,  only  a  small  number 
of  probes  are  able  to  provide  quantitative  rather  than 
semi-quantitative  information  about  proteolytic  activ¬ 
ity  at  the  target  site.  Semi-quantitative  information, 
where  the  only  signal  obtained  is  from  the  activated 
product,  can  be  misleading  since  the  probe  does  not 
accumulate  uniformly  throughout  the  body  or  even 
in  the  tumor  volume  [76] .  Moreover,  following  activa¬ 
tion  by  proteases,  it  is  difficult  to  pinpoint  the  exact 
location  of  the  probe.  To  overcome  this  issue,  the  con¬ 


centration  of  both  the  probe  and  the  activated  product 
should  be  co-localized  simultaneously  and  the  signal 
ratio  used  to  correct  for  lesion  heterogeneity.  While  the 
dual  fluorochrome  probes  and  some  of  the  multimo¬ 
dality  probes  discussed  in  this  review  are  capable  of 
providing  quantitative  information  about  proteolytic 
activity,  much  work  remains  to  be  done  [77]. 

Another  challenge  in  measurement  of  in  vivo  pro¬ 
teolytic  activity  is  the  shielding  of  the  peptide  sequence 
from  preactivation  prior  to  reaching  the  target  site. 
This  is  a  difficult  challenge  due  to  the  variety  of  pro¬ 
teases  present  in  serum,  which  can  increase  the  back¬ 
ground  noise.  Shielding  of  the  peptide  with  PEG 
instills  a  stealth  property  that  can  reduce  preactivation, 
but  can  also  inhibit  the  action  of  the  target  proteases. 
Advancement  in  nanoprobe  design  requires  fine  bal¬ 
ancing  between  the  nanoparticle  physiochemical  prop¬ 
erties  and  safety  features  with  imaging  sensitivity.  The 
choice  of  protease  is  also  very  important.  Proteases  that 
are  present  in  the  tumor  interstitium  require  extravasa¬ 
tion  and  penetration  of  nanoparticles  through  the  vari¬ 
ous  barriers  to  reach  the  desired  regions  in  the  tumor 
interstitium,  a  slow  and  complex  process  that  requires 
extended  plasma  half-life,  which  in  turn  could  lead  to 
high  background  noise.  Moreover,  fluorescent  mol¬ 
ecules  tend  to  photobleach  and  destabilize  over  time. 
Proteases  present  in  the  angiogenic  tumor  vasculature 
may  be  an  easier  target  as  those  probes  do  not  require 
prolonged  circulation  or  tissue  penetration  properties. 
Otherwise,  further  effort  should  be  placed  toward  dis¬ 
covering  more  selective  and  sensitive  shielding  strate¬ 
gies  and  into  the  discovery  of  specific  peptide  substrates 
as  these  in  large  part  determine  the  signal-to-noise 
ratio  of  the  contrast  agent. 

There  is  also  a  limited  understanding  of  the  poten¬ 
tial  adverse  effects  of  these  nanoparticle-based  systems, 
which  could  have  drastically  different  toxicity  profiles 
from  their  constituent  components  [58].  Many  of  the 
studies  discussed  in  this  review,  for  example,  focus 
on  enhanced  tumor  targeting  without  assessing  the 
impact  on  other  organs  such  as  the  liver.  Obtaining  a 
full  toxicity  profile,  short-term  and  long-term,  as  well 
as  nanoparticle  biodistribution  to  critical  organs  and 
their  clearance  is  essential. 

Quantification  of  in  vivo  proteolytic  activity  prom¬ 
ises  to  tremendously  increase  our  knowledge  of  dis¬ 
ease  progression,  potentially  also  leading  to  improved 
therapies.  For  this  to  become  reality,  however,  the 
specificity,  selectivity  and  sensitivity  of  probes  need  to 
be  further  developed,  along  with  the  computational 
methods  necessary  for  data  analysis.  Such  an  effort 
will  require  a  multidisciplinary  effort  with  collabora¬ 
tion  between  engineers,  chemists,  biologists,  physicists 
and  clinicians. 
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Executive  summary 


Molecular  imaging  of  proteolytic  activity  in  tumor  models  in  vivo 

•  Identifying  and  quantifying  molecular-level  changes  associated  with  tumorigenesis  helps  in  early  detection 
and  estimation  of  malignant  potential;  necessary  for  effective  cancer  treatment. 

•  Several  proteases,  including  matrix  metalloproteinases,  cathepsins  and  caspases,  have  been  implicated  in 
tumor  invasiveness  and  metastasis  and  their  expression  is  an  indicator  of  tumor  aggressiveness. 

•  Proteases  can  propagate  signals  through  their  catalytic  activity;  specifically  cleave  certain  peptide  sequences; 
and  are  present  at  the  invasive  front  of  tumors,  regions  that  are  more  easily  accessed  by  probes. 

•  Imaging  probes  have  been  developed  with  nanoparticle  technology  to  provide  a  noninvasive  measurement 
of  proteolytic  activity  in  tumor  models  at  different  stages  of  disease  progression.  Nanoparticles  have  unique 
physical  and  chemical  properties;  excellent  in  vivo  characteristics;  and  a  vast  surface  area  to  deliver  a  large 
number  of  imaging  agents  and  tumor-targeting  ligands. 

Nanoparticles  for  MRI  of  proteolytic  activity  in  vivo 

•  Magnetic  nanoparticles  used  to  image  proteolytic  activity  rely  on  signal  amplification  due  to  cluster  formation 
following  proteolytic  cleavage,  which  enhances  magnetic  susceptibility  and  r2  relaxivity. 

•  The  most  commonly  used  design  strategy  utilizes  two  sets  of  complimentary,  polyethylene  glycol  (PEG)- 
conjugated  iron  oxide  nanoparticles  that  self-assemble  (e.g.,  through  neutravidin/biotin  interactions) 
following  proteolytic  cleavage  and  release  of  PEG. 

•  A  significant  drawback  of  utilizing  separate  sets  of  nanoparticles  is  they  face  co-delivery  issues  in  vivo. 

Nanoparticles  for  optical  imaging  of  proteolytic  activity  in  vivo 

•  Optical  imaging  remains  the  most  commonly  used  modality  for  imaging  proteolytic  activity  in  vivo. 

The  majority  of  probes  utilize  one  or  more  fluorescence  quenching  effects  to  reduce  the  preactivation 
fluorescence  signal.  Fluorescence  is  recovered  following  release  of  quencher  by  proteolytic  activity. 

•  Several  theranostic  probes  have  been  developed  for  simultaneous  therapy  and  imaging  of  proteolytic  activity. 

•  Other  examples  of  optical  imaging  include  bioluminescence  resonance  energy  transfer,  photoacoustic  imaging 
and  secondary  Cerenkov-induced  fluorescent  imaging. 

Nanoparticles  for  multimodal  imaging  of  proteolytic  activity  in  vivo 

•  Multimodality  combines  several  complimentary  imaging  modalities,  each  with  its  own  strengths  and 
weaknesses,  into  a  single  platform,  thus  overcoming  their  individual  limitations. 

•  MRI/optical  dual  imaging  has  been  the  most  thoroughly  investigated  combination 

•  PET/optical  and  CT/optical  dual  probes  have  been  developed  as  well. 
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Abstract:  Superparamagnetic  iron-oxide  nanoparticles  (SPIONs)  show  great  promise  for  multiple 
applications  in  biomedicine.  While  a  number  of  studies  have  examined  their  safety  profile, 
the  toxicity  of  these  particles  on  reproductive  organs  remains  uncertain.  The  goal  of  this 
study  was  to  evaluate  the  cytotoxicity  of  starch-coated,  aminated,  and  PEGylated  SPIONs  on 
a  cell  line  derived  from  Chinese  Hamster  ovaries  (CHO-K1  cells).  We  evaluated  the  effect 
of  particle  diameter  (50  and  100  nm)  and  polyethylene  glycol  (PEG)  chain  length  (2k,  5k  and 
20k  Da)  on  the  cytotoxicity  of  SPIONs  by  investigating  cell  viability  using  the  tetrazolium  dye 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT)  and  sulforhodamine  B  (SRB) 
assays.  The  kinetics  and  extent  of  SPION  uptake  by  CHO-K1  cells  was  also  studied,  as  well  as  the 
resulting  generation  of  intracellular  reactive  oxygen  species  (ROS).  Cell  toxicity  profiles  of  SPIONs 
correlated  strongly  with  their  cellular  uptake  kinetics,  which  was  strongly  dependent  on  surface 
properties  of  the  particles.  PEGylation  caused  a  decrease  in  both  uptake  and  cytotoxicity  compared 
to  aminated  SPIONs.  Interestingly,  2k  Da  PEG-modifed  SPIONs  displayed  the  lowest  cellular  uptake 
and  cytotoxicity  among  all  studied  particles.  These  results  emphasize  the  importance  of  surface 
coatings  when  engineering  nanoparticles  for  biomedical  applications. 

Keywords:  superparamagnetic  iron-oxide  nanoparticles  (SPIONs);  PEGylated  nanoparticles; 
aminated  nanoparticles;  reproductive  toxicity;  nanotoxicity;  uptake  kinetics;  ROS  generation 


1.  Introduction 

Iron-oxide  nanoparticles,  and  in  particular  superparamagnetic  iron-oxide  nanoparticles  (SPIONs), 
have  gained  a  fair  amount  of  attention  in  recent  years,  accounting  for  more  than  5900  publications 
over  the  last  five  years  (PubMed  database,  quick  search  in  December  2015  with  the  following 
keywords:  " iron-oxide  nanoparticle ").  Their  magnetic  properties,  combined  with  the  possibilities 
afforded  by  optimization  of  their  surface  chemistry,  promise  potential  applications  in  many  fields, 
including  nanomedicine  [1-4].  Iron-oxide  nanoparticle  formulations  have  already  been  approved 
by  the  U.S.  Food  and  Drug  Administration  and  the  European  Commission  as  contrast  agents  for 
magnetic  resonance  imaging  (MRI)  [5].  Additional  applications  being  pursued  include  MRI-based 
cell  tracking  of  SPION-loaded  cells,  magnetic  field-directed  stem  cells  for  regenerative  therapies, 
therapeutic  magnetofection-based  delivery  of  drugs  or  genes,  and  anti-tumor  treatment  with  magnetic 
hyperthermia  [2,5].  However,  safety  concerns  and  manufacturing  challenges  remain  as  significant 
hurdles  to  their  development  and  clinical  translation  [5,6]. 

Although  the  overall  safety  of  iron-oxide  nanoparticles  is  generally  accepted  [7],  the  core  and 
surface  properties  have  the  potential  to  trigger  cytotoxicity  once  in  contact  with  cells.  Indeed, 
side-effects  were  reported  in  up  to  23%  of  patients  receiving  Ferumoxtran-10,  a  dextran-coated  SPION, 
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as  MRI  contrast  agent  [8].  Although  about  86%  of  cases  were  mild-to-moderate,  some  adverse  reactions, 
such  as  anaphylactic  shock,  were  life-threatening  [9].  While  the  awareness  of  nanoparticle-induced 
toxicity  is  growing,  toxicity  studies  represent  only  11%  of  aforementioned  publications  on  SPIONs 
over  the  last  five  years  (PubMed,  keywords'  iron-oxide  nanoparticle  toxicity'  in  December  2015), 
and  most  of  these  studies  were  conducted  with  cancer  cell  lines.  A  thorough  understanding  of 
the  physicochemical  parameters  underlying  toxicity  of  SPIONs  on  normal  systems  is  also  essential, 
especially  since  repetitive  administrations  may  be  part  of  a  diagnostic  and/ or  treatment  regimen. 

Systematic  studies  are  rare  and  the  impact  of  SPIONs  on  the  reproductive  system  in  particular 
is  poorly  described.  The  number  of  results  for  the  same  quick  search  on  PubMed  with  the  following 
keywords:  "iron-oxide  nanoparticle  toxicity  reproductive"  drops  drastically  to  just  10  results.  Moreover, 
toxicology  data  about  the  reproductive  toxicity  of  SPIONs  were  mainly  generated  with  in  vivo 
studies  using  only  dextran-coated  SPIONs.  Nevertheless,  no  effect  on  the  fertility  and  reproductive 
performances  of  rats  were  observed  with  doses  up  to  17.9  mg  Fe/kg/ day  of  Ferumoxtran-10  (seven 
times  the  intended  human  clinical  dose  per  administration)  [10],  but  fetal  skeletal  and  soft- tissue 
abnormalities  were  observed  in  rats  and  rabbits,  and  maternotoxicity  in  rabbits  at  doses  above 
15  mg  Fe/kg/day  [10].  In  addition,  bare  ferric  oxide  nanoparticles,  at  concentrations  above  10  mg 
Fe/L,  have  been  shown  to  induce  toxic  effects  on  the  early  development  of  zebra  fishes,  causing 
hatchling  delays,  malformations,  and  mortality  [11].  Mechanisms  underlying  these  reproductive 
toxicities  are  poorly  described,  as  is  the  actual  distribution  of  SPIONs  to  reproductive  organs. 

Surface  modification  of  SPIONs  can  influence  the  interactions  between  nanoparticles  and 
cells  [12-15].  Using  bare  SPIONs  and  SPIONs  coated  with  -COOH  or  -NH2,  it  was  demonstrated  that 
nanoparticle  surface  properties  induce  different  responses  between  various  cell  types,  such  as  cell  lines 
derived  from  the  heart,  brain,  and  kidneys  [16].  Introduction  of  poly(ethylene  glycol)  (PEG)  moieties 
onto  the  surface  of  SPIONs  through  covalent  binding  is  commonly  used  to  improve  biocompatibility 
and  reduce  immunogenicity  [5].  PEG  molecules  provide  stability  between  the  particles  via  steric 
repulsion  [17]  and  seem  to  decrease  adsorption  of  plasma  proteins  [18].  In  vivo ,  PEGylated  SPIONs 
generally  have  a  longer  plasma  circulation  half-life  [19,20].  Nevertheless,  conflicting  results  exist  about 
the  cytotoxicity  of  PEGylated  particles.  In  a  recent  study,  2k  Da-PEG  SPIONs  were  shown  to  be  more 
toxic  than  bare  dextran  SPIONs  [19];  they  were  also  taken  up  by  cells  to  a  greater  extent  compared 
to  dextran-coated  SPIONs.  In  another  study,  the  viability  of  bovine  vascular  smooth  muscle  cells 
was  improved  when  incubated  for  24  h  with  2k  Da-PEG  SPIONs,  when  compared  with  bare  citric 
acid-coated  SPIONs  and  SPIONs  coated  with  10k  Da-PEG  [21].  The  toxicity  of  particles  in  these  studies 
appeared  to  correlate  well  with  their  extent  of  cellular  uptake  [19,21]  and  the  uptake  process  was 
highly  dependent  upon  physicochemical  properties  of  the  core  and  coating  [22,23]. 

The  objective  of  this  study  was  to  assess  the  in  vitro  toxicity  of  SPIONs,  with  varying  surface 
properties,  on  a  cell  line  derived  from  a  reproductive  organ:  Chinese  Hamster  Ovary  (CHO-K1) 
cells.  SPIONs  evaluated  in  this  study  included  particles  with  mean  hydrodynamic  diameters 
of  approximately  50  and  100  nm  (nominal  size),  with  surface  coatings  that  included  starch, 
aminated-starch,  and  PEG.  To  further  evaluate  the  impact  of  PEG  molecules,  three  molecular  weights 
of  PEG  ( i.e .,  2k,  5k,  and  20k  Daltons;  hereafter  simply  specified  as  2k-PEG,  5k-PEG,  and  20k-PEG, 
respectively)  were  used  is  this  study.  Cytotoxicity  was  determined  in  vitro  with  the  tetrazolium 
dye  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT)  and  the  sulforhodamine  B 
(SRB)  assays.  The  cytotoxicity  was  then  correlated  with  the  overall  cellular  uptake  kinetics  and  the 
generation  of  ROS. 
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2.  Results  and  Discussion 

2.1.  Physicochemical  Properties  of  Superparamagnetic  Iron-Oxide  Nanoparticles  (SPIONs)  Are  Modified 
through  Surface  Functionalization 

In  the  present  study,  the  starch  coating  of  50  and  100  nm  SPIONs  was  crosslinked  and  coated  with 
amine  groups,  and  then  functionalized  with  NHS-polyethylene  glycol  (PEG)  of  varying  molecular 
weight  (i.e.,  2k,  5k,  or  20k  Da)  as  shown  in  Scheme  1. 


Starch-coated 

SPIONs 


Aminated  SPIONs 


2k-PEG 


PEGylated  SPIONs 

5k-PEG  20k-PEG 


Scheme  1.  Surface  modification  of  starch-coated  superparamagnetic  iron-oxide  nanoparticles  (SPIONs) 
into  aminated  and  PEGylated  SPIONs. 


PEG  coatings  are  often  utilized  on  nanoparticles  for  their  good  biocompatibility  and  favorable 
chemical  properties  that  enable  further  modifications  [24].  Since  the  coating  itself  may  completely 
change  the  toxicity  profile  of  SPIONs,  SPIONs  with  a  variety  of  surface  coatings  were  tested,  including 
starch-coated  SPIONs,  aminated  SPIONs,  and  finally  PEGylated  SPIONs.  Analysis  of  SPIONs  by 
transmission  electron  microscopy  (TEM)  and  Fourier  transform  infrared  spectroscopy  (FTIR),  and 
measurement  of  their  magnetic  properties  provided  results  similar  to  that  already  in  the  literature  [20], 
confirming  successful  modification,  and  are  not  repeated  here.  Some  physicochemical  characteristics 
of  the  10  different  SPIONs  tested,  however,  are  summarized  in  Tables  1  and  2. 


Table  1.  Mean  hydrodynamic  diameter  (HD)  and  /-potential  (ZP)  of  superparamagnetic  iron-oxide 
nanoparticles  (SPIONs)  in  deionized  water  and  in  Ham's  F-12K  culture  media  supplemented  with 
10%  FBS. 


In  Deionized  Water,  at  37  °C 

In  Supplemented  Ham's  F-12K  Cultre  Media,  at  37  c 

C 

Sample 

HD  (nm) 

Pdl 

ZP  (mV) 

lh 

24  h 

72  h 

HD  (nm) 

Pdl 

HD  (nm) 

Pdl 

HD  (nm) 

Pdl 

50  nm  SPIONs 

Starch-coated 

47  +  1 

0.12 

-23  +  3 

36  +  1 

0.25 

68  +  2 

0.28 

148  +  4 

0.30 

Aminated 

90  +  2 

0.18 

+13  +  1 

57+1 

0.32 

55  +  5 

0.38 

50  +  3 

0.38 

2k-PEG 

72  +  3 

0.20 

+36  +  1 

41  ±  1 

0.30 

40  +  1 

0.30 

40  +  1 

0.31 

5k-PEG 

71  ±  1 

0.20 

+34  +  1 

37  +  2 

0.42 

36  +  2 

0.41 

36  +  2 

0.44 

20k-PEG 

72  +  4 

0.20 

+33  +  2 

35  +  1 

0.48 

36  +  1 

0.47 

33  +  2 

0.47 

100  nm  SPIONs 

Starch-coated 

92  +  1 

0.09 

-4  +  1 

117  +  1 

0.29 

461+4 

0.70 

1133  ±  30 

0.19 

Aminated 

127  +  5 

0.17 

+43  +  1 

119  +  4 

0.30 

110  +  3 

0.22 

108  +  3 

0.22 

2k-PEG 

117  +  2 

0.14 

+36  +  1 

93  +  1 

0.24 

95  +  3 

0.23 

95  +  2 

0.24 

5k-PEG 

126  +  4 

0.14 

+37+1 

103  +  2 

0.25 

102  +  2 

0.24 

114  +  2 

0.29 

20k-PEG 

154  +  5 

0.12 

+32  +  1 

122  +  3 

0.26 

117  +  3 

0.26 

146  +  2 

0.36 

HD:  hydrodynamic  diameter  (nm);  ZP:  /  potential  (mV);  Pdl:  Polydispersity  index;  FBS:  Fetal  Bovine  Serum; 
Results  shown  as  mean  ±  std.  error  of  mean. 


The  hydrodynamic  diameters  of  both  starch  SPIONs  were  in  close  agreement  with  specifications 
provided  by  the  manufacturer.  After  crosslinking  of  the  starch  coating  and  its  amination,  the  mean 
hydrodynamic  diameter  of  both  50  and  100  nm  SPIONs  increased  significantly,  possibly  due  to 
aggregation  and/ or  due  to  loss  of  smaller  particles  during  the  processing.  PEGylation  further  increased 
the  hydrodynamic  diameter  as  expected,  but  the  effect  of  PEG  molecular  weight  (2k,  5k,  or  20k  Da) 
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varied  between  the  50  and  100  nm  SPIONs.  The  effect  on  50  nm  particles  was  especially  non-uniform 
as  the  aminated  particles  yielded  the  largest  size,  possibly  due  to  aggregation.  The  hydrodynamic 
diameters  of  SPIONs  were  also  evaluated  when  suspended  in  supplemented  Ham's  F-12K  culture 
media  at  37  °C,  the  conditions  employed  for  in  vitro  studies,  with  incubation  times  of  1,  24,  and  72  h. 
The  hydrodynamic  diameters  of  starch-coated  50  and  100  nm  SPIONs  were  observed  to  increase 
with  time,  whereas  the  size  of  aminated,  2k-PEG  and  5k-PEG  SPIONs,  and  50  nm  20k-PEG  SPIONs 
remained  relatively  constant  over  time.  A  moderate  increase  of  the  hydrodynamic  diameter  was 
noticed  for  100  nm  20k-PEG  SPIONs. 

The  surface  charge  of  SPIONs  gives  an  indication  of  their  colloidal  stability  and  may  also  further 
affect  their  cellular  uptake.  In  one  study,  it  was  demonstrated  that  anionic  nanoparticles,  showing  a 
high  affinity  for  cell  membranes,  were  captured  more  efficiently  by  cells  than  bare  (dextran-coated) 
iron-oxide  nanoparticles  [25].  In  deionized  (DI)  water,  starch-coated  SPIONs  displayed  a  negative  to 
near  neutral  £  potential  while  the  aminated  and  PEGylated  particles  showed  a  high  positive  surface 
charge.  Surprisingly,  a  higher  £  potential  was  observed  for  the  PEGylated  50  nm  SPIONs  compared  to 
the  aminated  50  nm  SPIONs.  The  PEG  layer  would  be  expected  to  mask  some  of  the  surface  charge 
and  it  is  unclear  why  this  was  not  observed,  although  measurements  were  repeated.  Aggregation  seen 
with  the  aminated  SPIONs  may  have  had  some  contribution  to  this  result. 

Interestingly,  the  aminated  SPIONs  and  PEGylated  SPIONs  had  a  similar  amine  content  that 
was  significantly  greater  than  that  of  starch  SPIONs,  as  shown  in  Table  2.  Conversely,  some  variation 
was  observed  in  the  PEG  content,  with  a  general  trend  of  decreasing  PEG  concentration  as  the  PEG 
molecular  weight  was  increased,  probably  due  to  increasing  steric  hindrance  with  the  larger  molecules. 
This  tendancy,  however,  was  less  obvious  with  100  nm  SPIONs  and  the  2k  and  5k  Da  PEGs. 


Table  2.  Amine-  and  PEG-content  of  SPIONs. 


50  nm  SPIONs 

100  nm  SPIONs 

Sample 

Amine  Content 
(mmol  NH2/mg  Fe) 

PEG  Content 
(nmol  PEG/mg  Fe) 

Sample 

Amine  Content 
(mmol  NH2/mg  Fe) 

PEG  Content 
(nmol  PEG/mg  Fe) 

Starch 

0.14  ±  0.01 

- 

Starch 

0.24  ±  0.01 

- 

Aminated 

4.93  ±  0.01 

- 

Aminated 

1.74  ±  0.01 

- 

2k-PEG 

4.71  ±  0.01 

244.5  ±  7.5 

2k-PEG 

1.56  ±  0.01 

56.0  +  0.5 

5k-PEG 

5.08  ±  0.01 

5.4  ±  0.2 

5k-PEG 

2.26  ±  0.01 

23.4  +  0.2 

20k-PEG 

3.13  ±  0.01 

0.2  ±  0.1 

20k-PEG 

1.76  ±  0.01 

0.7  ±  0.1 

2.2.  Varying  the  Surface  Coating  of  SPIONs  Changes  Its  Toxicity  Profile 

Toxicity  studies  were  conducted  in  CHO-K1  cells  with  increasing  concentrations  of  SPIONs,  using 
the  MTT  and  SRB  assays.  Preliminary  results  showed  a  time-dependent  cytotoxicity  with  the  greatest 
difference  among  tested  SPIONs  observed  at  72  h,  which  was  fixed  as  the  incubation  time  for  further 
studies.  Cytotoxicity  profiles  of  tested  SPIONs  are  reported  in  Figure  1,  with  cell  viability  expressed 
relative  to  untreated,  control  cells  whose  viability  is  set  as  100%.  Doxorubicin  (10  pM)  was  employed 
as  a  positive  control  for  these  experiments  (green  line).  The  half  maximal  inhibitory  concentration  (50% 
viability  or  IC50)  is  indicated  with  a  red  line  in  all  graphs.  Mathematical  regression  was  employed 
to  approximate  the  IC50  values  for  each  particle  with  both  the  MTT  and  SRB  assays;  IC50  values  are 
reported  in  Table  3. 

The  MTT  and  SRB  results  showed  similar  cytotoxic  tendencies.  First,  both  50  and  100  nm 
2k-PEGylated  SPIONs  seemed  to  be  better  tolerated  by  CHO-K1  cells  than  the  other  coatings  tested. 
The  aminated  100  nm  SPIONs,  on  the  other  hand,  appeared  to  be  the  most  toxic,  except  for  the  50  nm 
SPIONs,  as  determined  by  their  IC50  values.  It  should  also  be  pointed  out  that  the  aminated  50  nm 
SPION  sample  is  the  one  that  had  the  lower  than  expected  £  potential,  although  the  amine  content  was 
high.  The  connection,  if  any,  between  this  and  the  observed  lower  toxicity  is  not  clear.  An  IC50  value 
was  not  reached  for  50  nm  SPIONs  with  the  starch  and  2k  Da  PEG  coatings,  within  the  concentration 
range  studied.  In  all  cases,  the  5k-PEG  and  20k-PEG  coated  SPIONs  were  found  to  be  significantly 
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more  toxic  than  particles  coated  with  the  2k  Da  PEG.  A  comparison  of  IC50  values,  for  both  the  MTT 
and  SRB  assays,  also  indicates  that  the  100  nm  SPIONs  present  greater  cytotoxicity  than  the  50  nm 
SPIONs.  A  greater  range  of  mean  SPION  sizes  needs  to  be  tested  to  determine  whether  this  is  a  linear 
trend  or  if  there  are  SPION  sizes  that  would  yield  a  minimal  and/ or  maximal  toxicity 

Nanoparticle  surfaces  have  been  engineered  to  increase  the  in  vivo  circulation  time  [19,20,26].  Our 
results  seem  to  indicate  that  PEG  molecular  weight  and  density  could  also  be  utilized  to  modulate  the 
cytotoxicity  of  SPIONs.  It  should  also  be  noted  that  surface  chemistry  plays  a  role  in  determining  the 
composition  of  the  protein  corona  that  adsorbs  onto  the  nanoparticle  surface  and,  thus,  also  influences 
the  uptake  pathways  followed  by  the  particles  [27]. 


(a)  MTT  Assay 
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Figure  1.  Cytotoxicity  of  superparamagnetic  iron-oxide  nanoparticles  (SPIONs)  in  Chinese 
Hamster  Ovary  (CHO-K1)  cells  evaluated  with  the  (a)  tetrazolium  dye  3-(4,5-dimethylthiazol-2-yl) 
-2,5-diphenyltetrazolium  bromide  (MTT)  and  (b)  sulforhodamine  B  (SRB)  assays.  CHO-K1  cells  were 
incubated  with  increasing  concentrations  of  SPIONs  for  72  h.  The  50%  viability  of  control  cells 
(untreated)  is  represented  by  the  red  line.  The  viability  of  cells  treated  with  10  gM  doxorubicin  for  72  h 
(positive  control)  is  shown  by  the  green  line. 
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Table  3.  Half  maximal  inhibitory  concentrations  (IC50)  of  SPIONs  incubated  wtih  CHO-K1  cells. 


IC50  (pg  Fe/mL) 

Samples 

50  nm  SPIONs 

100  nm  SPIONs 

MTT 

SRB 

MTT 

SRB 

Starch 

Not  reached 

621 

436 

124 

Aminated 

1119 

252 

69 

35 

2k-PEG 

Not  reached 

1867 

1796 

1563 

5k-PEG 

217 

483 

66 

351 

20k-PEG 

136 

217 

147 

205 

2.3.  Exposure  Time  Affects  the  Observed  SPION  Toxicity 

The  in  vivo  blood  half-life  of  SPIONs  varies,  depending  on  particle  size  and  surface  properties  [20], 
from  2  h  for  dextran-coated  120-180  nm  ferumoxide  particles  (Endorem®,  Feridex®)  to  24-36  h  for 
dextran-coated  15-30  nm  ferumoxtran  particles  (Sinerem®,  Combidex®).  In  a  recent  study,  the  half-life 
of  starch-coated  SPIONs  and  those  with  5k-  and  2k-PEG  coatings  was  found  to  be  0.12,  7.3,  and  11.8  h, 
respectively,  in  male  Fisher  rats  [20].  To  mimic  the  potential  in  vivo  contact  time,  CHO-K1  cells  were 
incubated  with  SPIONs  for  a  period  of  24  h.  The  cytotoxicity  was  evaluated  with  the  MTT  assay  after 
this  contact  time  (Figure  2a).  Alternatively,  cells  were  also  incubated  with  SPIONs  for  24  h  and  then 
washed  and  cultured  for  another  48  h  with  fresh  culture  medium  prior  to  analysis  of  cell  viability 
(Figure  2b). 
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Figure  2.  Assessment  of  the  toxicity  of  SPIONs  after,  (a)  24  h  incubation  only,  and  (b)  after  24  h 
incubation  followed  by  48  h  of  recovery  in  supplemented  culture  media;  viability  compared  to  untreated 
cells  (control,  100%  viability).  The  50%  viability  of  control  cells  (untreated)  is  represented  by  the  red 
line.  The  viability  of  cells  treated  with  10  pM  doxorubicin  (positive  control)  is  shown  by  the  green  line. 
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The  viability  of  CHO-K1  cells  varied  between  100%  and  50%  when  incubated  24  h  with  SPION 
concentrations  up  to  2000  pg  Fe/mL  (Figure  2a).  However,  when  cells  were  allowed  a  48  h  recovery 
period  in  complete  fresh  culture  medium,  cell  viability  remained  above  80%  for  concentrations  up 
to  500  pg  Fe/mL.  A  few  studies  have  shown  that  internalized  SPIONs  can  be  divided  in  daughter 
cells  during  cell  division,  and  consequently  decrease  the  iron  content  per  cell  [22].  The  presence  of 
exocytosis  has  also  been  reported  [28].  The  attenuation  of  toxicity  due  to  reduction  of  intracellular 
SPION  concentration  by  these  mechanisms  is  a  possible  explanation  for  the  different  tendencies  seen 
in  Figure  2a,b,  but  more  focused  studies  are  needed  to  elucidate  the  true  effects  of  these  processes. 
Conversely,  the  viability  of  cells  treated  with  10  pM  doxorubicin  dropped  from  50%  to  11%  despite 
washings  and  incubation  in  fresh  culture  media,  probably  due  to  permanent  cellular  damage.  The 
extrapolation  of  these  results  to  in  vivo  conditions  is  difficult  because  CHO-K1  cells  are  an  immortalized 
cell  line,  which  is  not  the  case  for  normal  cells  from  ovaries.  Our  in  vitro  studies  with  CHO-K1  cells, 
however,  has  shown  that  the  tested  SPIONs  cause  reversible,  dose-  and  time-dependent  toxicity  in 
rapidly  dividing  cells. 

2.4.  The  Cellular  Uptake  Kinetics  of  SPIONs  in  Chinese  Hamster  Ovary  (CHO-K1)  Cells  Is  Dependent  on 
Their  Surface  Coating 

Despite  the  large  number  of  cellular  uptake  studies  that  have  been  performed  with  SPIONs  of 
various  size  and  coating,  it  remains  unclear  which  physicochemical  characteristics  provide  optimal 
uptake  in  non-phagocytic  cells.  A  saturable  time-  and  concentration-dependent  uptake  has  been 
demonstrated  in  astrocytes  for  dimercaptosuccinate-coated  SPIONs  [29],  and  charge-dependent  uptake 
in  non-phagocytic  T-cells  [30]  for  different  sizes  of  dextran-coated  SPIONs.  Moreover,  aminated 
aminosilane-coated  SPIONs  showed  the  highest  iron  uptake  in  six  different  cell  lines,  compared  to 
silica,  dextran,  or  bare  SPIONs  [12].  However,  only  few  studies  have  studied  the  cellular  uptake 
kinetics  of  SPIONs  [12],  and  none  for  cells  derived  from  a  reproductive  organ. 

Here,  cell  associated  SPIONs  were  stained  with  Prussian  blue  and  the  intensity  categorized  into 
5  grades,  with  grade  0  (orange/ red,  referring  to  the  safranin  staining  of  the  cell  membranes)  showing 
no  overt  visible  iron  uptake  in  cells  and  grade  4  (dark  blue,  referring  to  the  blue  color  obtained  from 
Prussian  blue  staining  of  iron)  showing  maximum  uptake.  Average  grades  were  assigned  by  grading 
all  cells  observed  in  10  optical  images  taken  at  high  magnification  (400  x).  Thus,  histograms  in  Figure  3 
represent  the  uptake  distribution  and  kinetics  of  SPIONs  in  CHO-K1  cells. 

The  pattern  observed  with  staining  of  SPIONs  in  cells  indicates  that  particles  are  found  almost 
exclusively  in  the  cytoplasm  of  cells  ( i.e .,  not  detectable  in  the  nucleus).  However,  the  staining  employed 
does  not  differentiate  between  intracytoplasmic  organelles,  such  as  lysosomes.  Once  internalized, 
degradation  of  SPIONs  through  the  lysosomal  pathway  is  indeed  considered  the  common  metabolic 
pathway.  The  low  pH  environment  in  lysosomes  is  favorable  for  the  solubilization  of  iron  contained  in 
SPIONs  [31],  releasing  free  iron  ions  in  the  cytoplasm. 

While  the  uptake  kinetics  varied  between  tested  SPIONs,  the  results  indicate  that  surface 
properties  have  a  greater  influence  on  uptake  than  the  particle  size  (at  least  between  50  and  100  nm 
SPIONs).  Particles  coated  with  2k-PEG  displayed  the  lowest  rate  of  cellular  uptake,  followed  by  the 
starch  SPIONs.  Surprisingly,  aminated,  5k-  and  20k-PEG  SPIONs  showed  similar  uptake  kinetics, 
although  aminated  and  20k-PEG  SPIONs  were  taken  up  to  a  greater  extent.  It  is  interesting  to  note  that 
the  aminated  SPIONs  and  the  5k-  and  20k-PEGylated  SPIONs  all  showed  a  similar  trend  in  particle 
uptake,  regardless  of  particle  size.  Each  of  these  particles  showed  labeling  of  almost  all  cells  within  a 
4  h  incubation  period  and  continued  accumulation  over  72  h.  The  50  nm  starch-coated  particles,  on  the 
other  hand,  were  only  taken  up  by  a  few  cells  over  24  h  and  then  all  cells  were  lightly  labeled  after  72  h. 
The  100  nm  starch-coated  particles  showed  slightly  faster  kinetics  with  all  cells  labeled  within  the  first 
24  h  and  further  accumulation  over  72  h.  SPIONs  modified  with  the  2k  Da  PEG,  on  the  other  hand, 
exhibited  very  different  cellular  uptake  kinetics  with  the  CHO-K1  cells.  While  between  10%-15%  of 
cells  were  labeled  by  2k-PEG  SPIONs  in  the  first  30  min,  this  level  of  labeling  remained  fairly  constant 
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over  the  entire  72  h  incubation  period  after  which  only  26%  and  9%  of  cells  were  labeled  for  the  50 
and  100  nm  SPIONs,  respectively.  It  should  be  noted  that  these  results  correlate  well  with  the  toxicity 
results  presented  in  Figure  1.  The  kinetic  studies  were  carried  out  with  SPION  concentrations  of 
10  pg  Fe/ mL,  a  concentration  at  which  no  appreciable  toxicity  is  observed  with  the  2k-PEG  SPIONs 
but  at  which  toxicity  begins  to  appear  with  the  other  particles.  Ongoing  studies  are  being  carried  out 
to  clarify  the  processes  governing  the  behavior  of  these  particles  and  to  determine  the  cause  for  this 
dramatic  difference  in  their  interaction  with  the  cells. 


(a)  50  nm  SPIONs 
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(b)  100  nm  SPIONs 
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Figure  3.  Kinetics  of  (a)  50  and  (b)  100  nm  SPION  uptake  by  CHO-K1  cells,  represented  by  (1)  Average 
grading  of  particles,  after  30  min,  4,  24,  and  72  h  of  incubation.  Grade  0  =  no  blue  color,  grade 
1  =  faint  blue  staining  in  cytoplasm,  grade  2  =  dense  blue  color  in  minor  portions  of  cytoplasm 

(less  than  50%),  I  grade  3  =  deep  blue  staining  in  most  cytoplasm  (>50%)  and  I  grade  4  =  cell  filled 
with  intense,  dark  blue  througout;  and  (2)  Quantitfication  of  internalized  iron  using  a  ferrozine  assay  is 
reported  below  the  histograms,  with  evolution  of  the  quantitative  uptake  over  time.  Hollow  markers 
indicate  concentrations  below  the  detection  limit  of  the  assay  ( i.e .,  zeros). 


In  the  literature,  the  presence  of  positively  charged  amine  groups  on  the  coating  of  polyvinyl 
alcohol  (PVA)-functionalized  SPIONs  has  been  shown  to  increase  uptake  in  human  melanoma  cells, 
compared  to  PVA  alone,  carboxylate-,  or  thiol-PVA  groups  [29].  Moreover,  the  uptake  of  SPIONs  can 
also  be  affected  by  variations  in  the  protein  corona  that  coats  the  particle  upon  addition  to  culture 
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media  or  exposure  to  serum  proteins  [27].  It  has  also  been  shown  that  SPION  uptake  can  be  inhibited 
by  plasma  proteins  that  coat  the  particles  [30].  While  the  SPIONs  showed  varying  rates  of  initial 
cellular  uptake,  over  the  72  h  period  they  appeared  to  approach  the  same  maximum  uptake  regardless 
of  surface  coating;  although  the  maximum  approached  was  different  for  the  50  and  100  nm  particles 
and  the  2k-PEG  SPIONs  remained  significantly  lower  than  all  other  particles. 

To  further  determine  whether  the  observed  variation  in  SPION  toxicity  is  due  to  differences  in 
particle  properties  or  because  of  differences  in  cellular  uptake,  the  results  from  the  kinetic  study  were 
correlated  with  those  from  the  cytotoxicity  studies.  IC50  values  from  the  SRB  assay  were  used  here  as 
the  MTT  assay  did  not  yield  IC50  values  for  two  particles  ( i.e .,  starch  and  2k-PEG  coated).  As  seen  in 
Figure  4,  there  is  an  exponential  decrease  (i.e.,  greater  toxicity)  in  measured  IC50  values  with  increasing 
concentrations  of  internalized  SPIONs,  indicating  that  their  internalization  is  an  important  step  in 
the  triggering  of  cell  toxicity.  The  trend  indicated  that  the  toxicity  of  SPIONs,  after  72  h  incubation, 
approached  the  35  pg  Fe/mL  IC50  value  of  the  100  nm,  aminated  SPIONs. 


Figure  4.  Correlation  of  the  uptake  kinetic  of  all  type  of  SPIONs  and  their  respective  toxicity 
(represented  by  their  IC50  values  calculated  from  the  SRB  assay)  after  72  h  incubation  with 
CHO-K1  cells. 

2.5.  The  Coating  Affects  the  Generation  of  Reactive  Oxygen  Species  (ROS)  by  SPIONs  in  CHO-K1  Cells 

The  production  of  reactive  oxygen  species  (ROS)  is  often  reported  as  the  source  of 
nanoparticle-associated  toxicities  [31,32].  Consequently,  to  further  evaluate  the  mechanism  of  SPION 
cytotoxicity,  H2DCFDA  assay  was  performed  to  detect  the  generation  of  intracellular  ROS.  While  it 
was  clear  that  SPIONs  did  indeed  generate  significant  ROS  within  CHO-K1  cells,  in  comparison  to 
control,  the  study  was  unable  to  detect  differences  between  the  SPION  particles  due  to  signal  saturation 
(Figure  5).  Additional  studies  must  be  conducted  to  better  quantify  this  process  and  its  contribution  to 
the  observed  cytotoxicity. 


Control  w/o  SPION 


50  nm 
SPIONs 


100  nm 
SPIONs 


Starch  Aminated  +  2k  PEG  +  5k  PEG  +  20k  PEG 


Figure  5.  ROS  production  (red)  in  CHO-K1  cells  following  incubation  with  SPIONs  was  confirmed 
with  the  H2DCFDA  assay.  Control  cells  underwent  the  same  assay  but  were  not  exposed  to  SPIONs. 
Scale  bar  =  200  \im. 
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2.6.  Surface  Properties  Are  Key  to  Determining  the  Cytotoxicity  of  SPIONs  in  CHO-K1  Cells 

In  this  study,  the  uptake  kinetics  and  cytotoxicity  of  starch,  aminated  and  PEGylated  SPIONs 
were  determined  in  CHO-K1  cells.  Taken  together,  the  results  suggest  that  the  cytotoxicity  of  the 
tested  SPIONs  were  due  to  the  generation  of  ROS  upon  internalization  of  the  particles.  Since  surface 
properties  were  found  to  significantly  affect  the  kinetics  and  extent  of  internalization,  the  toxicity  of 
SPIONs  were  found  to  be  most  dependent  on  the  surface  modification.  It  should,  however,  also  be 
noted  that  toxicity  of  100  nm  SPIONs  were  generally  greater  than  that  of  the  corresponding  50  nm 
SPION  with  the  same  coating.  This  is  interesting  as  at  a  given  SPION  concentration,  on  a  mass  of 
iron  basis,  the  total  surface  area  of  the  50  nm  particles  will  be  expected  to  be  approximately  four-fold 
greater  than  that  of  the  same  iron  mass  of  100  nm  SPIONs;  although  the  specific  surface  area  of  the  100 
nm  SPIONs  is  greater  on  a  per  particle  basis.  Therefore,  although  surface  effects  seem  to  drive  SPION 
toxicity,  the  effects  of  particle  size  cannot  be  ignored. 

3.  Experimental  Section 

3.1.  Surface  Modification  of  Starch-Coated  SPIONs 

Two  different  sizes  of  starch  magnetite  core  nanoparticles  (FluidMAG-D,  autoclaved  aqueous 
dispersion)  were  purchased  from  chemicell  GmbH  (Berlin,  Germany).  Manufacturer  specifications 
indicated  average  hydrodynamic  diameters  of  50  and  100  nm,  respectively,  for  the  two  SPIONs. 
Cross-linking  of  the  starch  coating,  amination,  and  PEGylation  of  the  particles  was  performed  according 
to  methods  described  by  Cole  et  al.  [20].  The  physical  properties  of  the  SPIONs  were  confirmed  to 
be  in  accordance  with  results  published  by  Cole  et  al. ,  to  which  the  readers  are  referred  to  for  more 
details,  but  are  not  reproduced  here  for  brevity.  Briefly,  starch  moieties  on  the  surface  of  iron-oxide 
nanoparticles  were  crosslinked  with  epichlorohydrin  at  room  temperature  for  24  h.  The  dialyzed 
product  was  then  aminated  with  ammonium  hydroxide  (28%-30%)  for  24  h  at  room  temperature. 
After  a  second  dialysis  against  water,  one  quarter  of  the  product  was  labeled  as  aminated  SPIONs. 
The  remaining  product  was  PEGylated  using  m-PEG-NHS  (Nanocs,  New  York,  NY,  USA)  in  pH  8 
phosphate  buffer /DMSO  solution  incubated  overnight.  mPEG  molecules  with  molecular  weights  of 
2k,  5k,  and  20k  Da  were  used  in  this  study.  Ultrafiltration  of  the  product  was  performed  using  a  10,000 
molecular  weight  cut-off  (MWCO)  Slide- A-Lyzer  dialysis  cassette  until  PEG  was  no  longer  detectable 
in  the  washes  using  the  Barium-Iodine  assay  described  below. 

3.2.  Characterization  of  Starch-Coated,  Aminated  and  PEGylated  SPIONs 

Hydrodynamic  diameter  and  C  potential  of  each  SPION  sample  was  determined  by  Dynamic  Light 
Scattering  (Zeta  Sizer  Nano-ZS  from  Malvern  Instruments,  Malvern,  UK).  SPIONs  were  dispersed 
in  DI  water  or  in  phenol  red-free  culture  media  (Ham's  F-12K  Ultra  Pure,  Crystalgen,  NY,  USA), 
supplemented  with  fetal  bovine  serum  (10%)  and  antiotics  (penicillin /streptomycin  1%).  All  DLS 
measurements  were  performed  at  37  °C. 

Measurement  of  amine  content  was  performed  using  the  fluorescamine  assay  [20].  A  standard 
curve  was  established  using  solutions  with  known  ethanolamine  concentrations,  starch  SPIONs, 
and  fluorescamine. 

A  barium  iodine  assay  was  used  to  quantify  the  average  concentration  of  PEG  attached  on  SPIONs. 
SPIONs  were  first  dissolved  in  1.4  HC1  overnight  prior  to  analysis.  Standard  curves  were  generated 
with  starch-coated  SPIONs  (50  or  100  nm)  and  varying  concentrations  of  free  PEG  molecules  (2k,  5k, 
or  20k  Da  PEG). 

All  measurements  for  the  physicochemical  characterization  of  SPIONs  were  performed  in 
triplicate,  and  results  are  expressed  as  the  mean  and  standard  error  of  mean. 
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3.3.  Cell  Line 

The  CHO-K1  cell  line  was  obtained  from  Rajesh  Amin,  Department  of  Drug  Discovery 
and  Development,  Auburn  University,  Auburn,  AL,  USA.  Authentication  of  the  cell  line  was 
complimentary  confirmed  by  the  National  Institute  of  Standards  and  Technology,  using  a  multiplex 
PCR  assay  (non  commercial  assay).  Cells  were  maintained  in  Ham's  F-12K  Nutrient  Mixture  with 
L-gluthamine  (Corning  cellgro,  Manassas,  VA,  USA),  supplemented  with  10%  fetal  bovine  serum  and 
1%  penicillin/ streptomycin,  incubated  at  37  °C  in  5%  CO2. 

3.4.  Cell-Viability  Assays 

Cells  were  plated  into  96-well  flat-bottom  plates  at  a  starting  density  of  104  cells  per  well.  After  an 
equilibration  time  of  12  to  24  h,  until  they  reached  70%-80%  confluency,  culture  media  was  removed 
and  cells  were  treated  in  triplicate  with  increasing  concentrations  (1,  5,  10,  25,  50,  100,  200,  500, 
1000,  and  2000  pg  Fe/mL)  of  the  10  different  SPIONs  suspended  in  culture  media.  Cell  viability 
was  then  determined  with  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide  (MTT  assay; 
AMRESCO,  Solon,  OH,  USA)  and  sulforhodamine  B  (SRB;  CytoScan™  SRB  Cytotoxicity  Assay  kit,  G 
Biosciences,  St.  Louis,  MO,  USA)  assays.  The  MTT  assay  determines  the  viability  of  cells  according  to 
their  metabolic  activity,  whereas  the  SRB  assay  non  specifically  detects  the  total  protein  content  in  cells. 

Briefly,  the  MTT  assay  was  conducted  by  incubating  cells  with  a  2  mg/ mL  solution  of  MTT 
(50  pL)  for  4  h.  The  supernatant  was  then  aspirated  and  150  pL  of  dimethyl  sulfoxide  (DMSO) 
was  applied  to  the  cells  to  solubilize  the  formed  formazan  crystals.  Plates  were  agitated  and  then 
centrifuged  (3000  rpm  for  10  min)  to  pellet  the  SPIONs.  Finally,  100  pL  of  the  supernatant  was  collected 
and  transfered  into  a  clean  96-well  flat-bottom  plate.  Absorbance  was  measured  at  540  nm  using  a 
microplate  reader  (SpectraMax  i3  multi-mode  platform.  Molecular  Devices,  Sunnyvale,  CA,  USA). 

The  SRB  assay  was  conducted  in  accordance  to  instructions  provided  with  the  commercial  kit, 
except  that  cells  were  washed  twice  with  1  x  PBS  prior  to  fixing  of  cell.  Absorbance  was  measured  at 
540  nm  using  a  microplate  reader  (SpectraMax  i3  multi-mode  platform.  Molecular  Devices). 

3.4.1.  Overall  Toxicity  after  72  h  of  Incubation 

The  overall  toxicity  of  SPIONs  were  tested  using  the  cell  viability  assay.  CHO-K1  cells  were 
incubated  72  h  with  particles  and  viability  was  assessed  with  MTT  and  SRB  assays.  For  both  assays, 
a  positive  control  was  also  added  to  verify  the  response  of  the  cell  line  (Doxorubicin  10  pM)  [33]. 
Results  are  reported  as  the  percentage  of  viable  cells  compared  to  untreated  cells  (negative  control,  by 
definition  considered  100%  viable).  Cell-viability  results  are  presented  as  means  +  standard  error  of 
the  mean  (SEM)  of  triplicates  for  each  concentration  tested.  Results  are  reported  in  Figure  1. 

3.4.2.  Toxicity  in  Conditions  that  Mimic  in  Vivo  Contact  Time  of  SPIONs 

To  mimic  potential  contact  time  of  SPIONs  in  the  body,  CHO-K1  cells  were  seeded  in  96-well  plates 
at  104  cells/well  and  equilibrated  overnight.  They  were  incubated  for  24  h  at  37  °C  with  SPIONs  at  the 
following  concentrations:  50,  200,  and  2000  pg  Fe/mL.  Alternatively,  CHO-K1  cells  were  incubated 
with  1,  5, 10,  25, 50, 100, 200,  and  500  pg  Fe/ mL,  then  washed  and  cultured  in  fresh  culture  medium 
for  another  48  h.  Cytotoxicity  was  evaluated  with  the  MTT  assay  (described  above).  Doxorubicin 
(10  pM)  was  employed  as  a  positive  control  for  the  experiment  (wells  containing  Doxorubicin  were 
also  washed  after  24  h).  Results  are  presented  in  Figure  2. 

3.5.  Characterization  ofSPION  Uptake  by  CHO-K1  Cells 
3.5.1.  Uptake  Kinetics 

To  determine  the  uptake  characteristics  of  tested  SPIONs  in  CHO-K1  cells,  qualitative  and 
quantitative  measurements  were  performed  based  on  the  detection  of  iron  in  SPIONs.  First,  the 
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presence  of  iron  inside  cells  was  visually  detected  by  staining  iron  with  Prussian  blue.  The  presence  of 
iron  in  cells  was  also  quantified  using  a  ferrozine  assay,  as  previously  described  [34]. 

3.5.2.  Direct  Microscopic  Examination 

Briefly,  CHO-K1  cells  were  plated  in  a  24-well  plate  at  a  starting  density  of  5  x  104  cells  per  well. 
After  overnight  equilibration,  the  culture  media  was  removed  and  the  cells  incubated  with  SPIONs 
at  10  pg  Fe/mL,  for  30  min,  4,  24,  or  72  h.  Cells  were  then  washed  twice  with  1  x  PBS,  and  stained 
with  a  Prussian  blue  staining  solution  (2%  potassium  ferrocyanide  and  2%  hydrochloric  acid.  Electron 
Microscopy  Sciences,  Hatfield,  PA,  USA)  for  20  min  at  room  temperature.  After  washing  five  times 
with  PBS  1  x ,  cells  were  then  counterstained  with  safranin  for  2  min.  The  cell  membranes  were  stained 
red/ orange,  whereas  iron  was  stained  in  blue.  To  ensure  good  representation  of  samples,  uptake  was 
assessed  with  10  images  acquired  at  400  x  magnification  from  various  areas  of  two  different  wells. 

A  scoring  system  (detailed  in  Table  4)  was  established  to  characterize  the  amount  of  iron 
internalized  in  each  cell.  This  scoring  system  is  derived  from  a  protocol  described  in  Human  and 
Veterinary  Medicine  to  assess  hemosiderosis  in  alveolar  macrophages  [35,36].  All  entire  cells  found 
within  an  acquired  image  were  graded.  Sample  names  were  blinded  prior  to  analysis  but  10  pictures 
from  one  sample  type  were  graded  at  the  same  time.  Results  are  presented  in  Figure  3. 

Table  4.  Scheme  for  scoring  of  cellular  uptake  of  SPIONs.  The  following  set  of  images  are  illustrative 
of  the  grading  used  to  quantify  SPION  uptake  by  CHO-K1  cells.  Cells  were  stained  with  Prussian  blue 
(blue  spots  that  indicate  presense  of  iron)  and  Safranin  (pinkish  coloration  of  cellular  membranes).  Cells 
shown  are  representative  of  those  seen  at  400  x  magnification.  A  scale  bar  is  not  provided  since  these 
are  only  representative  cell  images  that  were  digitally  extracted  from  original  images  that  contained 
many  cells  with  varying  SPION  uptake. 


Grade  0  Grade  1  Grade  2  Grade  3  Grade  4 


No  blue  color 


Faint  blue  staining 
in  cytoplasm 


Dense  blue  color  in 
<50%  of  cytoplasm 


Deep  blue  staining  „  ,  ,.1T  , 

.  ,  °  Cell  cytoplasm  filled 

m  >50%  of  \  F  ,  U1 

,  with  intense  dark  blue 

cytoplasm 


Determination  of  Internalized  Iron  Concentration  Using  the  Ferrozine  Assay 

The  amount  of  internalized  iron  was  quantified  with  a  ferrozine-based  assay  [34],  normalized 
against  the  number  of  cells  and  the  iron  physiologically  present  in  cells  under  normal  conditions. 
A  preliminary  study  was  performed  to  establish  a  standard  curve  that  correlates  the  CHO-K1  cell 
number  and  the  result  of  the  Bradford  assay  (colorimetric  assay).  Results  of  iron  taken  up  by  cells  were 
also  in  accordance  to  previous  evaluations  (data  shown  in  Figure  3). 

3.6.  Overall  Reactive  Oxygen  Species  (ROS)  Generation 

The  CM-H2DCFDA  kit  purchased  from  Invitrogen  was  used  for  the  measurement  of  overall  ROS 
levels.  Briefly,  2.5  x  104  cells  were  plated  in  24-well  plates  in  duplicate.  After  overnight  equilibration, 
cells  were  treated  with  tested  SPIONs  for  48  h  at  a  final  concentration  of  200  pg  Fe/mL.  Prior  to  the 
end  of  treatment,  culture  media  was  remove  and  DCFDA  in  PBS  1  x  was  added  to  each  well  at  a  final 
concentration  of  7  pM  and  incubated  in  the  dark  at  37  °C  for  45  min.  After  treatment,  the  fluorescence 
intensity  of  CM-H2DCFDA  in  cells  was  evaluated  using  a  fluorescence  cell  imaging  system  (Evos®, 
ThermoFisher  Scientific,  Waltham,  MA,  USA).  Data  shown  in  Figure  5. 
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4.  Conclusions 

CHO-K1  cells  internalize  SPIONs  with  various  types  of  coating  in  a  concentration-dependent 
manner.  The  toxicity  profiles  observed  for  the  SPIONs  suggest  the  plausibility  of  saturable  uptake 
kinetics,  as  previously  described  in  astrocytes  [37].  Several  physicochemical  parameters  are  described 
in  literature  as  potential  variables  affecting  uptake  and,  consequently,  cytotoxicity.  Assessing  and 
understanding  their  impact  is  vital  to  the  development  of  novel,  targeted  cellular  delivery  carriers. 
While  size  is  an  important  parameter,  the  effects  were  less  than  expected,  although  only  two  mean 
particle  sizes  with  potential  overlapping  size  distributions  were  studied.  Surface  charge  can  have  a 
significant  impact  on  the  rate  and  route  of  SPION  uptake.  It  is  generally  accepted  that  the  negative 
charge  of  cell  plasma  membranes  leads  to  strong  interactions  with  positively  charged  nanoparticles 
and  their  increased  uptake  [38].  In  this  study,  positively-charged,  aminated  SPIONs  were  indeed  found 
to  be  taken  up  the  most  rapidly  and  to  the  greatest  extent,  followed  by  20k-PEGylated  SPIONs  and 
5k-PEGylated  SPIONs.  Surprisingly,  2k-PEGylated  SPIONs  had  a  positive  surface  charge  similar  to 
that  of  the  20k-  and  5k-PEGylated  SPIONs  but  were  taken  up  to  a  lesser  extent.  Cytotoxicity  results 
showed  that  the  2k-PEG  SPIONs  were  the  best  tolerated  at  all  concentrations  studied.  Similarly, 
starch  SPIONs  seemed  to  be  better  tolerated  at  concentrations  below  100  pg  Fe/mL  compared  to  the 
5k-  and  20k-PEGylated  SPIONs,  possibly  attributed  to  lower  uptake  induced  by  their  slightly  negative 
charge.  The  2k-PEG  coating,  which  yielded  the  densest  surface  coating  of  SPIONs  among  the  PEGs 
tested,  showed  the  least  degree  of  cytotoxicity  against  CHO-K1  cells.  Overall,  the  correlation  between 
surface  properties  of  SPIONs  and  their  cellular  uptake,  and  the  correlation  between  their  uptake 
and  cytotoxicity,  suggests  a  means  to  modulate  the  disposition  and  biocompatibility  of  nanoparticles. 
Further  studies  need  to  be  conducted  to  better  characterize  the  nature  of  the  interaction  between  these 
particles  and  cells,  and  also  to  elucidate  their  subcellular  localization.  It  will  also  be  important  to  study 
their  effects  on  the  reproductive  system  using  in  vivo  models. 
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Abstract:  Realizing  the  full  potential  of  magnetic  nanoparticles  (MNPs)  in  nanomedicine 
requires  the  optimization  of  their  physical  and  chemical  properties.  Elucidation  of  the  effects 
of  these  properties  on  clinical  diagnostic  or  therapeutic  properties,  however,  requires  the 
synthesis  or  purification  of  homogenous  samples,  which  has  proved  to  be  difficult.  While 
initial  simulations  indicated  that  size-selective  separation  could  be  achieved  by  flowing 
magnetic  nanoparticles  through  a  magnetic  field,  subsequent  in  vitro  experiments  were 
unable  to  reproduce  the  predicted  results.  Magnetic  field-flow  fractionation,  however,  was 
found  to  be  an  effective  method  for  the  separation  of  polydisperse  suspensions  of  iron  oxide 
nanoparticles  with  diameters  greater  than  20  nm.  While  similar  methods  have  been  used  to 
separate  magnetic  nanoparticles  before,  no  previous  work  has  been  done  with  magnetic 
nanoparticles  between  20  and  200  nm.  Both  transmission  electron  microscopy  (TEM)  and 
dynamic  light  scattering  (DLS)  analysis  were  used  to  confirm  the  size  of  the  MNPs.  Further 
development  of  this  work  could  lead  to  MNPs  with  the  narrow  size  distributions  necessary  for 
their  in  vitro  and  in  vivo  optimization. 

Keywords:  field-flow  fractionation;  iron  oxide  nanoparticles;  size  separation;  magnetic 
nanoparticles;  nanomedicine 
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1.  Introduction 

Nanomedicine  is  a  broad  area  of  research  focused  on  the  utilization  of  nanomaterials  for  the  diagnosis, 
treatment,  and  prevention  of  diseases  [1],  Biomedical  applications  present  a  unique  opportunity  to  create 
engineered  nanomaterials  with  highly  controlled  properties  and  functions  that  are  comparable  in  scale 
to  biological  molecules  and  structures  [2],  This  is  especially  relevant  for  the  fields  of  biomimetic 
nanomaterials,  targeted  drug  delivery  systems,  and  diagnostic  imaging  agents  [3,4],  In  contrast  to  the 
ever-growing  list  of  nanomaterials  researched  for  medical  applications,  the  number  of  technologies 
actually  approved  for  clinical  use  is  relatively  small.  This  is,  in  part,  due  to  an  overall  paucity  of 
fundamental  knowledge  and  a  lack  of  understanding  of  how  the  physical  and  chemical  properties  of 
nanomaterials  affect  their  interactions  with  biological  systems,  and  the  associated  uncertainty  in  their 
safety  and  toxicity  profiles  [5]. 

It  is  known  that  the  behavior  of  nanomaterials  within  biological  environments,  including  their  stability 
and  biodistribution,  is  dependent  on  their  chemical  composition  and  physical  properties,  such  as  size  and 
geometry  [6],  For  nanomaterials  to  achieve  their  full  potential  in  clinical  applications,  the  fundamental 
principles  governing  their  physio-chemical  properties  and  the  effects  of  these  properties  on  physiological 
processes  must  be  determined.  However,  obtaining  nanoparticles  of  homogenous  composition,  either  by 
finely  controlled  synthesis  or  through  separation  processes,  has  proven  to  be  challenging.  Particle  size, 
in  particular,  can  have  a  significant  effect  on  the  fate  of  nanoparticles  once  introduced  into  the  body. 
For  example,  it  has  been  shown  that  nanomaterials  smaller  than  6  nm  are  filtered  out  by  the  kidneys 
while  those  larger  than  200  nm  are  more  avidly  taken  up  by  macrophages  and  found  to  accumulate  within 
the  liver  and  spleen  [7-9],  The  biodistribution  and  pharmacokinetics  of  nanomaterials  can  also  be 
affected  by  disease  states.  With  cancer,  for  example,  tumors  typically  possess  a  leaky  vasculature  and 
altered  lymphatic  drainage  that  results  in  the  enhanced  permeability  and  retention  (EPR)  effect, 
which  enables  extravasation  of  nanomaterials  into  the  tumor  microenvironment,  with  particles  of  size 
less  than  200  nm  typically  providing  greatest  tumor  penetration  [10,1 1]. 

Magnetic  nanoparticles  (MNPs),  specifically  those  composed  of  iron  oxide,  have  been  studied 
extensively  for  use  in  a  variety  of  applications  in  nanomedicine,  especially  in  the  area  of  drug 
delivery  and  biomedical  imaging  [12-15],  In  fact,  several  MNP  formulations  have  been  approved 
for  clinical  application  as  imaging  contrast  agents  (e.g.,  Feridex®/Endorem®,  Resovist®/Cliavist®, 
and  Sinarem®/Combidex®)  but  commercial  production  has  been  halted  due  to  poor  clinical 
performance  [16-18].  An  improved  understanding  of  the  structure-property-performance  relationships 
of  MNPs  could  significantly  improve  their  clinical  application.  While  synthesis  of  iron  oxide 
nanoparticles  having  monodisperse  diameters  less  than  30  nm  is  well  established,  the  synthesis  of  larger, 
monodisperse,  iron  oxide  nanoparticles  has  proved  challenging  and  greatly  limited  their  optimization  for 
biomedical  applications.  [19-21],  Batch- to-batch  variability  in  nanoparticle  production  and  broad  size 
distributions  raise  safety  concerns  for  clinical  application  due  to  the  dependence  of  pharmacokinetics 
and  biodistribution  on  the  particle’s  physical  and  chemical  properties  [22],  In  order  to  promote  the 
clinical  translation  of  MNPs,  methods  must  be  developed  that  either  allow  for  synthesis  of  homogenous 
nanoparticles  or  enable  their  size-selective  fractionation  post-synthesis. 

One  potential  solution  to  this  problem  is  the  use  of  magnetic  field-flow  fractionation  (mFFF). 
This  process,  based  on  the  separation  of  particles  via  the  combined  effects  of  the  size-dependent  drag 
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and  magnetic  forces,  was  first  reported  in  1980  by  Vickrey  and  Garcia-Ramirez  who  wrapped  Teflon 
tubing  around  a  small  electromagnet  in  an  attempt  to  separate  nickel  complexes  of  bovine  serum  albumin 
from  a  fluid  [23],  While  a  number  of  studies  in  literature  report  the  use  of  various  mFFF  approaches, 
these  primarily  focus  on  the  use  of  mFFF  for  characterizing  small  volumes  of  micro-  or  nano-particles 
or  for  the  separation  of  magnetic  particles  from  non-magnetic  materials  [24-26].  Very  little  attention  has 
been  given  to  mFFF  as  a  size-specific  separation  technique  for  magnetic  nanoparticles,  especially  for 
nanoparticles  within  the  size  range  relevant  for  biomedical  applications.  The  use  of  high  gradient 
magnetic  separation  (HGMS)  has  been  used  by  several  groups  to  separate  colloid  suspensions  of  large 
magnetic  nanoparticles,  but  the  focus  was  not  necessarily  on  the  sorting  of  a  polydisperse  MNP 
suspension  into  multiple  samples  having  narrower  and  controlled  size  distributions  [27,28], 
Beveridge  et  al.  did  report  the  use  of  a  differential  magnetic  catch  and  release  as  a  size-selective 
separation  technique;  however,  their  work  focused  on  magnetic  nanoparticles  with  diameters  less  than 
20  nm  [29].  The  focus  of  this  study  is  on  the  separation  of  MNPs  with  a  hydrodynamic  diameter  in  the 
range  of  50-400  nm,  which  have  potential  biomedical  application.  Several  prototypes  for  MNP 
separation  were  tested  and  the  polydisperse  MNPs  ultimately  separated  into  fractions  having  a  narrower 
size  distribution.  This  ability  to  separate  magnetic  nanoparticles  according  to  their  size  ultimately 
enables  the  fundamental  studies  required  to  advance  the  use  of  magnetic  nanoparticles  in  medicine. 

2.  Theory 

Magnetic  nanoparticles  introduced  into  a  mFFF  system  experience  drag  and  magnetic  forces  in 
proportion  to  particle  size.  Very  small  particles,  such  as  those  on  the  nanoscale,  also  exhibit  random 
Brownian  motion,  which  can  significantly  affect  nanoparticle  behavior.  For  small,  spherical  particles  in 
a  fluid  possessing  a  small  Reynolds  number  (Re  <  1),  the  drag  force  Fd  can  be  described  using  Stokes 
drag,  which  is  defined  as: 

Fd  =  6nr\rv  (1) 

where  r\  is  the  fluid  viscosity,  r  is  the  hydrodynamic  radius  of  the  particle,  and  v  is  the  fluid  velocity  [30]. 
The  drag  force  is  therefore  directly  proportional  to  the  hydrodynamic  radius  of  the  particle.  The  magnetic 
force  Fm  experienced  by  a  magnetic  particle  within  an  applied  magnetic  field  B  is  given  by  the 
following  equation: 

FM  =  (m-  V)S  (2) 

where  m  is  the  magnetic  moment  of  the  particle,  calculated  using  the  equation: 

in  =  pVM  (3) 

where  p  is  the  particle  density,  V  is  the  volume  of  magnetic  material  in  the  particle,  and  M  is  the 
magnetization  of  the  particle  [31],  According  to  Equation  (3),  the  magnetic  force  experienced  by 
a  particle  is  proportional  to  ~r 3 — increasing  with  size  of  the  MNP,  while  the  magnitude  of  the  drag  force 
(Equation  (1))  is  proportional  to  r.  This  dependence  of  the  drag  and  magnetic  forces  on  particle  size 
provides  a  means  to  manipulate  magnetic  nanoparticles  in  a  size-dependent  manner. 
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As  mentioned  previously,  for  very  small  particles  in  a  fluid,  molecular  collisions  result  in  a  source  of 
diffusion  known  as  Brownian  motion.  The  Brownian  diffusion  length,  lD,  traversed  by  a  particle  in 
two-dimensions  over  some  time  interval  dt  is  approximated  by  the  equation: 

Ld  =  V4 D  dt  (4) 

where  D  is  the  particle-specific  diffusion  coefficient,  defined  as: 

D  _  kBT 

6nr]r  ^ 

where  kB  is  the  Boltzmann’s  constant  and  T  is  the  absolute  temperature  [32],  This  relation  shows  that 
diffusion  due  to  Brownian  motion  is  also  size-dependent  and  that  the  rate  of  diffusion  decreases  with 
increasing  particle  size.  Taken  together,  these  equations  can  be  used  to  predict  the  movement  of  MNPs 
under  the  influence  of  drag  and  magnetic  forces  and  Brownian  motion. 

3.  Results  and  Discussion 


3. 1.  Modeling  the  Effects  of  Drag  and  Magnetic  Forces 

A  Matlab  simulation  was  developed  to  study  the  feasibility  of  separating  magnetic  nanoparticles  of 
sizes  between  50  and  400  nm  using  the  proposed  approach.  The  simulation  was  based  on  a  proposed 
experimental  design  that  included  1.6  mm  I.D.  tubing  of  length  60  mm  running  parallel  to  a  magnet,  as 
shown  in  Figure  1.  A  Y-split  at  the  end  of  the  tubing  (x  =  60  mm)  facilitated  separation  of  MNPS  based 
on  their  y-position.  If  the  final  y-position  of  a  particle  was  greater  than  zero  (center  of  the  channel  is  at 
y  =  0)  then  it  was  considered  to  be  in  Fraction  1,  while  those  at  or  below  the  line  were  considered  to  be 
in  Fraction  2.  The  magnetic  field  was  derived  from  a  series  of  five  %"  diameter  x  %"  length  cylindrical 
neodymium  magnets  (Cat  No.:  D44-N52,  K  &  J  Magnetics,  Pipersville,  PA,  USA)  spaced  7.5  mm  apart, 
as  shown  in  Figure  2a.  The  magnetic  flux  density  map  (Figure  2a)  was  generated  using  data  provided  by 
the  manufacturer  and  assuming  non-interacting  magnets. 

Simulation  of  Particle  Trajectories 


Particle  trajectories  were  predicted  by  force  balance,  to  determine  acceleration  and  velocity, 
on  a  single  particle  at  some  coordinate  (xMNP(t),  yMNp(f))-  The  new  position  of  the  particle,  after 
a  time-step  dt,  was  determined  using  the  following  equations: 


xMNp(.t  +  dt)  —  xMNP(t )  +  LDx  + 
yMNp(t  +  dt)  =  yMNp(t)  +  LDy  + 


vjf)  +  vAt  +  1) 
2 

Vy(t)  +  Vy(t  +  1) 
2 


dt 

(6) 

dt 

(7) 

where  LDx  and  lDy  refer  to  the  diffusion  length  in  the  x  and  y-direction,  respectively,  and  vx  and  vy 
are  the  respective  velocities  in  the  x  and  y-directions.  At  each  time  step,  the  Brownian  diffusion  of 
particles  was  determined  by  assigning  a  random  fraction  of  the  size-dependent  diffusion  length,  Ld, 
to  the  x-  and  y-directions. 
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Figure  1.  Illustration  of  the  proposed  experimental  setup  and  the  force  balances  experienced 
by  two  differently  sized  magnetic  nanoparticles  as  they  flow  through  the  system.  Green 
arrows  represent  the  magnetic  force  (Fm)  and  red  arrows  represent  the  drag  force  (Fd). 

At  position  (1),  the  two  MNPs  are  introduced  to  magnetic  field  in  flow  at  the  wall  opposite 
the  magnet.  At  a  later  time,  the  two  particles  reach  position  (2)  and  have  separated  from  each 
other  in  the  y-di  recti  on  due  to  the  increased  magnetic  force  experienced  by  the  larger  MNP. 

Upon  reaching  the  end  of  the  channel  at  position  (3),  the  larger  of  the  two  particles  has 
traversed  past  the  midline  of  the  channel  (y  =  0)  and  will  therefore  be  collected  in  Fraction  2. 

The  smaller  particle  remains  above  y  =  0  and  will  be  collected  in  Fraction  1. 

To  mimic  the  injection  of  particles  through  a  small  capillary  tube,  the  model  initially  located  MNPs 
at  randomly  generated  distances  no  greater  than  100  pm  from  the  wall  opposite  the  magnets. 
Each  simulation  run  consisted  of  100  nanoparticles,  with  the  particle  size  distribution  determined  by  data 
obtained  using  DLS  (Figure  2b). 

Using  this  model,  it  was  predicted  that  magnetic  nanoparticles  within  the  size  range  of  interest 
could  indeed  be  manipulated  in  a  size-dependent  manner  using  flow  through  a  magnetic  field. 
Three  conditions,  with  the  tubing  placed  7.5,  10.0,  and  11.5  mm  from  the  magnet  pole  face,  were 
simulated  with  the  fluid  velocity  and  viscosity  kept  constant  at  0.0 1 8  m/s  and  1 .005  mPa-  s,  respectively. 
This  spacing  was  predicted  to  give  three  distinct  size  separations,  as  seen  in  Figure  2c-e.  At  a  magnet 
distance  of  7.5  mm,  a  majority  of  the  nanoparticles  with  sizes  between  50  and  100  nm  would  be  in 
Fraction  1,  while  larger  sized  particles  will  be  collected  in  Fraction  2.  Comparatively,  at  a  distance  of 
1 1 .5  mm  it  is  predicted  that  nanoparticles  with  sizes  between  50  and  150  nm  will  be  collected  in  Fraction 
1  and  the  majority  of  nanoparticles  between  200  and  400  nm  will  end  up  in  Fraction  2.  Based  on  these 
results,  we  then  attempted  to  validate  our  model  by  replicating  the  simulation  conditions  experimentally. 
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Figure  2.  (a)  Digital  image  of  the  sequence  of  magnets  used  for  the  simulation  and  validation 
experiments  and  the  magnetic  field  map  generated,  using  data  from  the  manufacturer,  for  a 
series  of  five  non-interacting  lA"  diameter  cylindrical  magnets;  (b)  DLS  size  distribution  of 
original  iron  oxide  nanoparticle  suspension;  Predicted  particle  trajectories  and  resulting  size 
distributions  for  original  MNP  (red),  Fraction  1  (blue)  and  Fraction  2  (green)  for  magnet 
distances  of  (c)  7.5  mm;  (d)  10  mm;  and  (e)  1 1.5  mm.  Particle  trajectory  data  sets  based  on 
MNP  size  of -44,  -51,  -59,  -68,  -79,  -91,  106,  122,  -142,  -164,  -190,  -220,  +255, 

+295,  +342  and  +396  nm. 

3.2.  Experimental  Validation  of  the  Mathematical  Model 

A  magnetic  separation  prototype,  as  seen  in  Figure  3a,  was  developed  to  reproduce  the  conditions  of 
the  simulation.  As  with  the  mathematical  model,  1 .6  mm  I.D.  tubing  was  used  to  replicate  the  2D  channel 
and  100  pm  I.D.  tubing  was  used  to  inject  MNPs  into  the  mobile  phase  at  the  wall  opposite  the  magnets. 
Similar  to  conditions  used  in  the  simulation,  the  magnetic  block  was  placed  at  distances  of  7.5,  10,  and 
11.5  mm  away  from  the  center  of  the  tubing,  and  a  steady  fluid  flow  velocity  of  0.0 1 8  m/s  was  maintained 
using  two  syringe  pumps. 

Repeating  the  simulated  runs  with  the  experimental  setup,  we  obtained  the  samples  pictured  in 
Figure  3b.  A  clear  visual  difference  was  observed  in  the  samples  taken  from  Fraction  1  (left  column)  and 
Fraction  2  (right  column)  for  the  three  runs  that  seemed  to  coincide  with  the  predicted  behavior. 
For  example,  in  the  case  of  the  magnets  placed  11.5  mm  from  the  center  of  the  tube  (pictured  top), 
it  was  predicted  that  a  majority  of  the  particles  would  be  found  in  Fraction  1 ,  with  only  the  larger  particles 
(>200  nm)  being  found  in  Fraction  2.  Images  in  Figure  3b  seem  to  agree  with  this  result  with  the 
concentration  in  Fraction  1  apparently  higher  than  that  of  Fraction  2,  as  evidenced  by  the  increased 
coloration.  Analysis  of  the  samples  using  DLS,  however,  showed  that  all  samples  having  sufficient 
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particle  concentration  for  measurement  ( i.e .,  the  colored  samples)  possessed  size  distributions  nearly 
identical  to  that  of  the  original  solution,  as  seen  in  Figure  3c-e.  Samples  not  showing  the  yellow  coloration 
(i.e.,  Fraction  2  for  1 1.5  mm  and  Fraction  1  for  7.5  mm)  were  found  to  be  too  dilute  to  obtain  a  reliable 
DLS  measurement. 


(c) 
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Figure  3.  (a)  Digital  image  of  magnetic  separation  prototype  developed  to  replicate  the 
conditions  of  the  MATLAB  simulation;  (b)  Digital  image  of  Fraction  1  (left)  and  Fraction  2 
(right)  samples  collected  from  the  magnet  distances  of,  from  top  to  bottom,  11.5,  10, 
and  7.5  mm;  (c-e)  Size  distributions  of  the  obtained  samples  using  distances  of  7.5,  10,  and 
1 1.5  mm  compared  to  that  of  the  original  MNP  suspension. 

As  mentioned,  the  MATLAB  simulation  was  created  as  a  simple  model  of  the  proposed  system  and 
it  therefore  did  not  account  for  particle-particle  interactions  and  used  a  system  of  magnets  assumed  to 
be  non-interacting  for  simplicity.  In  reality,  interactions  between  the  magnets  would  certainly  be  present 
and  would  alter  the  magnetic  forces  experienced  by  MNPs.  Additionally,  it  is  well  established  that 
increasing  particle  concentrations  lead  to  a  decrease  in  inter-particle  distance  and  an  increase  in 
particle-particle  interactions  [33].  In  this  study,  the  concentration  of  MNP  suspension  injected  into  the 
mobile  phase  was  significantly  concentrated  to  ensure  final  concentrations  obtained  were  appropriate 
for  DLS  analysis.  This  resulted  in  the  particles  behaving  as  a  ferro-fluid  rather  than  individual  particles 
and  limited  size-specific  separation.  Repetition  of  these  studies  at  lower  MNP  concentrations,  where 
particle-particle  interactions  would  be  minimized,  on  the  other  hand,  yielded  samples  too  dilute  for 
characterization.  Therefore,  it  was  concluded  that  magnetic  separation  of  particles  suspended  in  a  flow 
field  is  unlikely  to  produce  the  desired  separation  on  a  reasonable  scale  using  this  approach. 

3.3.  Successful  Size-Selective  Elution  of  Iron  Oxide  Nanoparticles  from  an  Applied  Magnetic  Field 

Due  to  the  failure  of  the  initial  experiments,  we  then  reversed  the  approach  and  used  flow  fields  to 
elute  MNPs  that  were  held  by  a  magnetic  field.  Since  the  magnetic  force  is  dependent  on  nanoparticle 
size,  the  force  required  to  counteract  the  magnetic  force  on  two  differently-sized  MNPs  will  be  lower 
for  the  smaller  particle.  In  this  case,  the  counteracting  force  is  the  fluid  drag  force,  which  is  modulated 
by  adjusting  the  flow  rate  of  the  mobile  phase. 

This  was  accomplished  by  creating  a  simple  experimental  setup,  called  the  MagCoil,  composed  of 
a  18.5"  length  of  1/8"  I.D.  tubing  wrapped  around  the  entire  2"  length  of  a  Grade  N42  diametrically 
magnetized  neodymium  cylinder  (Model  No.:  ND039-0,  Applied  Magnets,  Plano,  TX,  USA),  as  seen  in 
Figure  4a.  An  inlet  for  both  the  MNP  suspension  and  mobile  phase  were  included  at  the  top  and 
a  single  outlet  at  the  bottom  was  used  for  the  collection  of  samples. 
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Figure  4.  (a)  Digital  image  of  MagCoil  magnetic  separation  prototype  composed  of  1/8"  I.D. 
tubing  wrapped  around  the  length  of  a  2"  diametrically  magnetized  cylinder  encased  in 
a  plastic  column  for  stability;  (b)  Average  size  distributions  obtained  using  the  MagCoil 
prototype  and  flow  rates  of  10,  20,  30,  40,  and  50  mL/min,  as  well  as  the  flushed  particles 
(LO)  calculated  from  the  results  of  three  separate  experimental  runs;  (c)  Box-and-whisker 
plot  comparing  the  size  distributions  obtained  using  the  MagCoil,  at  the  varying  flowrates, 
to  the  original  size  distribution.  Horizontal  lines  indicate  the  mean  diameter  (nm),  while  the 
bar  indicates  standard  deviation,  and  the  vertical  line  the  range.  Significance  determined 
using  a  two-tailed,  two  sample  /-test  (n  =  90;  ***  p  <  0.001;  * p  <  0.05;  ns — not  significant). 
The  large  sampling  size  of  DLS  (>100  k  particle  counts/s)  leads  to  a  statistically  significant 
result  between  samples  that  would  seem  to  be  identical  otherwise. 
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After  filling  the  tubing  with  nanoparticle  suspension  and  allowing  them  to  reach  a  steady  state 
level  of  accumulation  at  the  inner  wall  of  the  tubing,  an  initial  low  flow  rate  of  0.25  mL/min  was 
introduced  to  wash  away  any  nanoparticles  remaining  suspended.  DLS  measurements  of  the  recovered 
nanoparticles  showed  a  size  distribution  similar  to  the  original  suspension  of  nanoparticles  (data  not 
shown).  A  series  of  increasing  flow  rates  from  10  to  50  mL/min  was  then  applied  and  samples  collected 
using  each  of  the  flow  rates  for  characterization.  “Left  over”  particles,  labeled  “LO”,  that  remained  in 
the  MagCoil  after  application  of  the  highest  flow  rate  were  then  released  by  removing  the  magnet  and 
again  applying  the  50  mL/min  flow  rate.  All  experiments  were  performed  in  triplicate  and  the  resulting 
DLS  measurements,  shown  in  Figure  4b,  are  presented  as  the  mean  of  three  experiments.  Figure  4c 
shows  the  mean  hydrodynamic  diameter,  as  well  as  the  standard  deviation,  range  and  statistical 
significance,  for  each  of  the  size  distributions  separated  out  of  the  original  MNP  suspension.  Samples 
collected  at  flowrates  of  10,  20,  40  and  50  mL/min  and  the  LO  sample,  all  were  statistically  different 
(at  least  p  <  0.05)  from  the  original  suspension.  While  the  30  mL/min  sample  (133  ±  10  nm)  could  not 
be  distinguished  from  the  original  sample  (137  ±21  nm),  it  should  be  noted  that  the  separated  sample 
has  a  four-fold  smaller  variance  (a2).  It  should  also  be  noted  that  while  the  DLS  technique  typically  “counts” 
more  than  100  k  samples/s  for  several  seconds,  an  n-value  of  90  was  used  for  statistical  analysis. 

To  confirm  the  DLS  measurements  with  TEM,  samples  were  again  collected  with  applied  flow  rates 
of  10,  40  mL/min,  and  LO.  As  shown  in  Figure  5a,  DLS  analysis  of  samples  collected  from  the 
10,  40  mL/min,  and  LO  applied  flow  rates  were  found  to  be  of  size  96.3  ±  9.0,  123.6  ±  7.9,  and 
141.5  ±  10.8  nm,  respectively.  These  samples  were  labeled  as  MNP-96,  MNP-124,  and  MNP-142, 
respectively.  TEM  analysis  was  then  performed  to  both  confirm  the  occurrence  of  size-dependent 
separation  of  the  original  MNP  suspension  and  for  comparison  with  the  obtained  DLS  results.  Figure  5b 
shows  a  TEM  image  of  the  original  suspension,  designated  as  MNP-O.  The  average  size  of  the  original 
suspension  was  found  to  be  75.4  ±  47.7  nm  using  TEM  compared  to  137.2  ±  20.8  nm  determined  using 
DLS.  It  is  important  to  note  that  apparent  discrepancy  in  size  is  because  TEM  measurements  provide 
the  size  of  the  core  diameter  while  DLS  measures  the  hydrodynamic  diameter,  which  includes  the 
core,  surface  coating,  and  any  bound  solvent.  Representative  images  of  each  MNP-96,  MNP-124,  and 
MNP-142  are  given  in  Figure  5c-e.  Analysis  of  the  TEM  images  showed  the  average  core  diameters  to 
be  62.6  ±  27.2,  80.7  ±  45.1,  and  104.6  ±  62.3  nm,  respectively.  A  comparison  of  the  measured  sizes 
using  both  TEM  and  DLS  are  given  in  Table  1. 

Table  1.  Comparison  of  average  hydrodynamic  diameters  measured  using  DLS  and 

average  core  diameters  determined  using  TEM  for  MNP-O,  MNP-96,  MNP-124,  and 

MNP-142  distributions. 


Sample 

DLS  (nm) 

TEM  (nm) 

MNP-O 

137.21  ±20.8 

75.4  ±47.7 

MNP-96 

96.3  ±  9.0 

62.6  ±  27.2 

MNP-124 

123.6  ±7.9 

80.7  ±45.1 

MNP-142 

141.5  ±  10.8 

104.6  ±62.3 
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Figure  5.  (a)  Size  distributions  obtained  from  the  original  nanoparticle  suspension  (MNP-O) 
at  flow  rates  of  10  mL/min  (MNP-96),  40  mL/min  (MNP- 124),  and  LO  (MNP- 142); 

(b)  Representative  TEM  image  at  12.5  K  magnification  of  original  nanoparticle  suspension, 
MNP-O,  before  separation;  (c-e)  Representative  TEM  images  of  MNP-96,  MNP- 124,  and 
MNP- 142  particle  samples,  respectively,  at  85  K  magnification. 

3.4.  Size-Dependent  Relaxometric  Properties  of  MNP  Suspensions 

The  transverse  relaxation  time  (72),  which  is  the  decay  constant  for  the  magnetization  vector  (Mt) 
perpendicular  to  the  applied  magnetic  field  in  MRI,  was  used  to  characterize  the  magnetic  properties  of 
fractionated  particles  obtained  using  the  mFFF  approach.  Tested  samples  included  the  original 
unseparated  suspension  (MNP-O;  hydrodynamic  diameter  137.2  ±  20.8  nm)  and  separated  particles, 
designated  MNP-95  and  MNP-151,  possessing  average  diameters  of  94.8  ±  7.7  and  151.2  ±  11.2  nm, 
respectively.  A  series  of  dilutions  were  made  of  each  sample  and  the  relaxivities  ( R2  =  1/T2)  of  each 
sample  determined  by  fitting  of  MRI  data  to  the  equation: 
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Mt  =  M0  e~t/T2  (8) 

Preliminary  data,  shown  in  Figure  6,  indicates  that  as  the  average  hydrodynamic  diameter  of  the 
MNPs  increased,  the  transverse  proton  relaxation  time  also  increased.  Considering  the  inverse  relaxation 
times  at  the  highest  concentration  used,  the  R2  values  increased  from  1 1.2  to  51.05  s  1  as  the  MNP  size 
increased  from  95  to  151  nm.  This  size-dependent  behavior  is  similar  to  that  previously  reported  for 
magnetic  particles  of  hydrodynamic  sizes  less  than  100  nm  [34],  Additionally,  it  is  interesting  to  note 
that  the  Ri  values  of  the  MNP-0  samples,  which  contain  particles  of  the  same  size  as  both  MNP-95  and 
MNP-151,  as  well  as  sizes  between  the  two  distributions,  were  consistently  between  the  Ri  values  of 
MNP-95  and  MNP-151.  For  example,  the  R2  value  for  the  MNP-0  sample  with  an  iron  concentration  of 
0.009  mg/mL  was  determined  to  be  14.3  s_1  compared  to  the  values  of  MNP-95  and  MNP-151  at  the 
same  concentration  of  5.2  and  27.87  s_1,  respectively. 


0  0.005  0.01  0.015  0.02 

Fe  Concentration,  mg/mL 


Figure  6.  Transverse  relaxivity  R2  values  for  the  MNP-95,  MNP- 151,  and  MNP-0  distributions 
with  respect  to  iron  concentration.  R2  values  determined  using  linear  trend  line. 

4.  Experimental  Section 

4.1.  Materials 

fluidMAG-D  (starch-coated  magnetite  (Fe304))  iron  oxide  nanoparticles  (75  mg/mL)  were 
obtained  from  Chemicell®  GmBH  (Berlin,  Germany).  Succinimidyl  polyethylene  glycol  (mPEG-NHS)  of 
molecular  weight  5  kDa  was  obtained  from  Nanocs  (New  York,  NY,  USA).  Dimethyl  sulfoxide 
((CH3)2SO,  99.9%)  was  obtained  from  BDH  Chemicals.  Epichlorohydrin  (C3H5CIO,  99%)  was  obtained 
from  Alfa  Aesar  (Ward  Hill,  MA,  USA).  Sodium  hydroxide  (NaOH,  97%)  was  obtained  from  BDH 
chemicals.  Ferrozine  iron  reagent,  monohydrate  was  obtained  from  J.T.  Baker  (Center  Valley,  PA,  USA). 
Neocuproine  hydrochloride  monohydrate  (C14H12N2  HCI  H2O,  99%)  was  obtained  from  Acros. 
Ammonium  acetate,  ACS  (CH3COONH4,  97%  min)  was  obtained  from  Alfa  Aesar.  L-ascorbic  acid 
(CeHsOe)  was  obtained  from  BDH.  Iron  standard  solution  (1.00  mg/L  as  Fe)  was  obtained  from  HACH. 
Deionized  water  (DI-H2O)  was  obtained  using  an  ELGA  PURELAB  Flex  water  purification  system. 
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4.2.  Surface  Modification  of  Iron  Oxide  Nanoparticles 

The  IO-MNPs  were  cross-linked,  aminated,  and  PEGylated  according  to  previously  established 
methodology  [35],  First,  2  mL  of  MNP  suspension  (42  mg/mL)  was  incubated  with  2.6  mL  6  M  NaOH 
for  15  min.  Epichlorohydrin  (1.3  mL)  was  then  added  and  the  mixture  incubated  for  24  h  at  25  °C  with 
shaking.  After  incubation,  the  solution  was  thoroughly  dialyzed  against  DI-H2O  using  a  8-10  kDa 
MWCO  Float-A-Lyzer®  G2  dialysis  device  (Spectrum  Laboratories,  Inc.,  Rancho  Dominguez,  CA, 
USA).  The  purified  product  was  then  incubated  with  2  mL  of  concentrated  NH4OH  (30%  ammonia) 
for  a  period  of  24  h  at  25  °C  with  shaking.  The  aminated-MNP  suspension  was  then  sufficiently 
dialyzed  against  DI-H2O  and  the  final  product  was  concentrated  using  a  Sphero™  Fleximag  Separator 
(Spherotech,  Lake  Forest,  IL,  USA). 

The  PEGylation  of  the  MNPs  was  achieved  by  utilizing  NHS  chemistry.  First,  15  mg  of 
mPEG-NHS  was  dissolved  in  a  mixture  of  320  pL  of  DMSO,  320  pL  of  DI-H2O,  and  320  pL  of  pH  8 
phosphate  buffer.  320  pL  of  aminated-MNP  solution  was  then  added  and  the  mixture  was  incubated  at 
25  °C  with  shaking.  At  the  completion  of  incubation,  the  solution  was  diluted  to  ~7  mL  with  DI-H2O, 
placed  on  the  magnetic  separator,  and  then  subjected  to  several  washes  with  fresh  DI-H2O. 
After  washing,  the  PEG-MNP  solution  was  diluted  to  the  final  desired  concentration. 

4.3.  Characterization  of  MNPs 

Dynamic  Light  Scattering  (DLS) — Dynamic  light  scattering  was  used  to  measure  the  intensity-weighted 
size  (hydrodynamic  diameter)  distribution  of  nanoparticles.  Measurements  were  taken  in  triplicate  using 
a  ZetaSizer  Nano  ZS90  sizing  instrument  (Malvern,  Worcestshire,  UK). 

Transmission  Electron  Microscopy  (TEM) — A  Zeiss  EM  10  TEM  operating  at  a  voltage  of  60  kV  was 
used  to  determine  size  distributions  of  MNPs.  TEM  samples  were  prepared  by  placing  a  single  drop  of 
a  MNP  solution  onto  a  carbon  type  B,  300  mesh  grid.  The  grid  was  then  placed  in  a  petri  dish  and  allowed 
to  dry  at  ambient  conditions.  Size  distributions  were  obtained  using  ImageJ  software  to  size  a  sufficient 
number  of  MNPs  from  multiple  TEM  images  taken  of  each  sample. 

Iron  Content  Assay — The  iron  content  of  MNP  solutions  was  determined  using  a  ferrozine  assay. 
Briefly,  a  200  pL  dilution  (typically  1:1000)  of  the  MNP  sample  was  obtained  in  combination  with 
1  M  HC1.  230  pL  of  KM11O4/HCI  was  added  to  the  sample  and  mixed  via  pipette.  The  KMnCVHCl 
solution  was  made  by  mixing  equal  volumes  of  4.5%  w/v  KMnCH  with  1.4  M  HC1.  The  mixture  was 
then  incubated  for  2  h  at  60  °C  followed  by  a  10  min  cooling  period.  The  sample  was  then  mixed  and 
transferred  to  a  well  plate  via  two  180  pL  aliquots.  Thirty  microliters  of  prepared  ferrozine  solution  was 
then  added  to  the  samples,  mixed,  and  incubated  at  ambient  conditions  for  30  min.  The  prepared 
ferrozine  solution  was  composed  of  6.5  mM  ferrozine,  6.5  mM  neocuprine,  2.5  M  ammonium  acetate, 
and  1  M  ascorbic  acid  dissolved  in  DI-H2O.  The  absorbance  of  the  samples  at  550  nm  was  then  measured 
using  a  SpectraMax  i3  plate  reader  (Molecular  Devices,  Sunnyvale,  CA,  USA).  Standard  curves  were 
created  using  an  iron  standard  solution. 
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4.4.  Magnetic  Separation  Prototype  Operation 

The  magnetic  separation  prototype  was  created  using  styrofoam  to  create  a  block  for  the  five 
cylindrical  magnets  and  a  platform  for  the  tubing.  1/16"  I.D.  silicone  tubing  (VWR)  was  used  to  replicate 
the  2D  channel  in  the  simulation.  100  pm  flexible  fused  silica  capillary  tubing  (Molex,  Lisle,  IL,  USA) 
was  used  to  inject  the  nanoparticle  solution  into  the  mobile  phase  at  the  wall  opposite  the  magnets.  This 
tubing  was  connected  to  a  1  mL  syringe  fitted  with  a  30  G  needle  via  a  small  section  of  0.011"  ID 
polyethylene  tubing  (Clay  Adams,  Sparks,  MD,  USA).  The  mobile  phase  was  supplied  by  two  syringe 
infusion  pumps  (KD  Scientific,  Holliston,  MA,  USA)  in  order  to  control  the  flow  rate  of  the  system. 

For  a  typical  run,  the  desired  flow  rate  of  the  mobile  phase  was  set  to  0.036  mL/s  using  the  syringe 
pumps  and  infusion  was  started.  The  concentrated  nanoparticle  suspension  was  then  injected  into  the 
mobile  phase  by  applying  a  small  amount  of  pressure  to  the  syringe  plunger.  The  nanoparticle  suspension 
was  continually  injected  until  the  desired  volume  (approximately  0.1  mL)  had  been  run  through  the 
magnetic  separation  prototype.  After  this,  infusion  of  the  mobile  phase  was  terminated  and  the  two 
obtained  fractions  were  characterized.  The  whole  system  was  flushed  sufficiently  with  DI  water  to  ensure 
no  cross-contamination  between  runs. 

4.5.  Field-Flow  Fractionation  Prototype  Operation 

For  all  field- flow  fractionation  experiments,  the  desired  volume  of  concentrated  nanoparticle 
suspension  was  injected  into  1/8"  ID  silicone  tubing  (VWR,  Radnor,  PA,  USA)  in  the  absence  of  flow 
from  the  mobile  phase.  The  nanoparticles  were  then  allowed  to  collect  at  the  wall  of  the  tubing  closest 
to  the  magnet  for  a  period  of  15  min  to  allow  for  a  steady-state  distribution  of  particles  at  the  tubing  wall. 
The  mobile  phase  was  then  introduced  at  a  low  initial  flow  rate  using  a  peristaltic  pump  (Thermo  Fisher 
Scientific,  Waltham,  MA,  USA)  in  order  to  wash  away  any  MNPs  that  had  not  collected  at  the  tubing 
wall.  After  the  entire  volume  of  the  silicone  tubing  was  washed,  flow  from  the  pump  was  stopped,  the 
sample  volume  was  removed  from  the  collection  vessel  for  characterization,  and  then  the  collection 
vessel  was  rinsed  with  DI  water  and  placed  at  the  outlet.  A  higher  flow  rate  was  then  introduced  into  the 
system  and  another  sample  was  collected.  This  process  was  repeated  for  all  desired  flow  rates  supplied 
by  the  pump.  Lastly,  MNPs  remaining  in  the  tubing  were  removed  by  flushing  with  DI  water  after 
removal  of  the  magnetic  field. 

4. 6.  Relaxometric  Property  Determination  Using  MRI 

Relaxometry  measurements  were  performed  using  a  Siemens  Verio  Open-Bore  3T  Scanner  to 
determine  the  transverse  proton  relaxation  times  of  solutions  of  iron  oxide  nanoparticles  via  spin-echo 
pulse  sequences.  For  measurements  of  aqueous  MNP  solutions,  samples  were  placed  in  either  0.6  or 
1 .6  mL  plastic  micro fuge  tubes  and  the  tubes  submerged  in  water  spiked  with  copper  sulfate  (CuS04)  to 
control  background  noise.  The  relaxation  times  of  each  sample  were  determined  by  plotting  the  magnitude 
of  the  measured  MR  signal  at  each  of  the  echo  times  used  in  the  spin-echo  sequence  and  using 
a  curve-fitting  MATLAB  script. 
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5.  Conclusions 

For  the  full  potential  of  magnetic  nanoparticles  in  nanomedicine  to  be  realized,  methods  must  be 
developed  that  allow  for  the  distinct  control  of  their  physical  and  chemical  properties  so  that  particles 
may  be  optimized  for  specific  applications.  One  of  the  most  important  factors  that  determines  the 
behavior  of  magnetic  nanoparticles  in  vivo  is  their  size;  however,  current  synthesis  methods  do  not  allow 
for  sufficient  size  control  for  iron  oxide  nanoparticles  of  diameters  greater  than  30  nm.  While  initial 
Matlab  simulations  indicated  that  size-selective  separation  could  be  achieved  by  using  magnetic  fields 
to  isolate  MNPs  from  a  liquid  flow  field,  subsequent  experiments  were  unable  to  confirm  the  results 
predicted  by  the  model.  Since  a  ferrofluid-type  behavior  was  observed,  the  discrepancy  between  the 
theoretical  and  experimental  results  could  be  due  to  the  assumption  that  particle-particle  interactions 
were  not  significant  within  the  model.  Further  improvements  to  both  the  model  and  the  experimental 
setup  are  ongoing  to  validate  this  approach  for  the  size-selective  separation  of  magnetic  nanoparticles. 
Despite  this  initial  failing,  an  approach  utilizing  mechanisms  similar  to  magnetic  field-flow 
fractionation  was  found  to  be  an  effective  method  for  the  separation  of  polydisperse  suspensions  of  iron 
oxide  nanoparticles  with  diameters  greater  than  20  nm.  While  similar  methods  have  been  previously 
used  to  separate  magnetic  nanoparticles,  there  has  been  very  little  reported  on  the  separation  of  particle 
in  the  size  range  of  50-400  nm.  TEM  and  DLS  analysis  of  particles  obtained  using  this  approach 
confirmed  that  particles  of  varying  size  and  lower  polydispersity  can  indeed  be  obtained  within  this 
size  range. 

An  advantage  of  the  magnetic  separation  approach  used  here  is  its  simplicity  and  use  of  basic 
laboratory  equipment,  not  requiring,  for  example,  the  special  membranes  required  for  cross-flow  FFF. 
With  a  simple  neodymium  magnet,  tubing,  and  a  source  of  variable  flow,  this  approach  is  easily 
adoptable  to  other  laboratories.  Ongoing  studies  are  further  refining  the  separation  efficiency  and 
scaling-up  the  approach  to  generate  higher  concentration  of  particles  required  for  in  vivo  studies. 
These  studies  and  further  optimization  of  the  system  presented  in  these  investigations  could  allow  for 
the  production  of  very  narrow  size  distributions  of  magnetic  nanoparticles  within  the  size  range  relevant 
for  biomedical  applications  in  a  very  simple  and  economic  manner.  This  could  substantially  improve  the 
potential  for  clinical  translation  of  these  particles  by  enabling  the  fundamental  studies  necessary  to 
understand  the  disposition  of  these  particles  in  vivo. 
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